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A MATHEMATICALMODEL

OF THE HUMANTHERMALSYSTEM

i. Introduction

The objective of this contract is to produce for NASA

a program which provides a more detailed model of the human

thermal system than the twelve-node model being used at the

present time. Calculations are based on the transient

state heat conduction equation expressed in cylindrical

coordinates. Subject to the restriction that the human

body can be subdivided into a number of cylindrical ele-

ments in each of which axial symmetry prevails, the pro-

gram permits one to calculate the thermal history at any

location in the body.

Since as many as twenty radial points are used in a

given element, accounting for variations in such physical

properties as specific heat, thermal conductivity, blood

perfusion rate, and heat generation rate, is possible in

this program. Hence, large masses of tissue such as the
lungs, bone, muscle, fat, and skin are readily discernible

in this program.

The principal mechanisms for thermal regulation in

the human are vasodilation and sweating in a warm environ-

Gent, or vasoconstriction and shivering in a cold environ-

ment. One requirement of this contract is that the basic

control equations used in the current twelve-node MSC model

be incorporated into this program.

This report describes the program that was written

to fulfill the requirements of this contract.

2o The Mathematical Model

A description of the basic mathematical model is given
in a paper (i) published previously by the author of this

report. For the convenience of readers, this paper is

reproduced in Appendix A.
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The program which was available at the beginning of
this contract provided a description of the passive human
thermal system. It made no provision for changes in such

physiological variables as capillary perfusion rates and
local sweat rates. On the other hand, the model in use

at the Manned Spacecraft Center did contain control equa-
tions which were to be incorporated into our model. These

equations are presented below. In referring to the MSC

equations, which will be numbered with the prefix M in

this report, the subscripts are to be identified with the

following physical elements:

Table I. Identification of the MSC Elements

Subscript MSC Identification

i Head core

2 Head skin

3 Trunk core
4 Trunk muscle

Trunk skin
J

6 Arm muscle

7 Arm skin
8 Hand muscle

9 Hand skin

i0 Leg muscle

ii Leg skin
12 Foot muscle

13 Foot skin
14 Central blood

The basic hypothesis on which the MSC control equa-
tions are based is that there exists a "set-point" tempera-

ture for each of the elements identified above. _Jhenever

the tissue temperature exceeds the set-point, there is a

tendency for vasodilatation and sweating to occur. However,

the head core temperature must exceed its set-point before

the responses can actually occur. Similarly, when the

tlssue temperatures fall below their set-points, there is a

tendency for vasoconstriction and shivering to occur. The

shivering _esponse will not be elicited until the head

core temperature falls below its set-point. However,
vasoconstriction does not depend on the head core temperature.
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Table II.

Element_ I

Set-point Temperatures for the

MSC Control Equations

Set-point, TS(1)

i 98.46
2 96.12
3 98.64
4 97.74
5 94.68
6 96.84
7 93.24
8 97.56
9 96.84

io 97.20
ii 91.44
12 97.56
13 96.30
14 98. lO

53

54 GO TO 52

55 vmsM(1) : ZEST(1)

52 CONTINUE

Deviations from the set-points are evaluated as follows:

DO 52 I -- i, 14

TEST(I) -- T(I) - TS(I)

_VARM(1) - 0.0

COLD(I) " 0.0

IF (TEST(I)) 53, 54, _c

COLD(I) : : TEST(I)

Weighted sums of the warm and cold stimuli for the skin
and muscle elements are then formed as follows:

(M-l)
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4ARMS = 0.056 * ,7ARM(2)

/ 0.276 * WARM(5)

/ 0.173 * WARM(7)

/ o. o43 . _Am_(9)

/ 0.383 * ,{ARM(ll)

/ 0.069 . _ARM(13)

_4ARMM -- 0./_17 * ,qARM(4)

/ o.19o . WARM(6)

/ 0.393 * _fARM(IO)

COLDS = 0.056 * COLD(2)

/ 0.276 . COLD(5)

/ 0.173 * COLD(7)

/ 0.0/43 * COLD(9)

/ 0.383 * COLD(ll)

/ 0.069 * COLD(13)

COLDM = 0./417 * COLD(/4)

/ 0.190 * COLD(6)

/ 0.393 * COLD(t0)

These quantities are used to calculate the sweat rate,

SWEAT, increase in capillary perfuslon rate, DILAT; in-

crease in metabolic rate due to shivering, QSHIV] and

decrease in capillary perfusion rate, STRIC.

S,_m_T : _m_H(1) * (_A_HA / WARMM)* T3./4814

DILAT = 0.25 . SWEAT

QSHIV : COLD(l) . (COLDS / COLDM) . [3.4814

(M-2)

(M-3)

(M-4)

(M-5)

(M-d)

(M-7)

(M-s)





sT1_c : (CoLns ! COmmit)_ 0.019_1 (P_-9)

Since either _{ARM(1) or COLD(I) must be zero, it is apparent

that this model precludes simulaneous sweating and shiver-

ing. However, it is possible to generate simultaneous

inputs from STRIC and SWEAT.

The responses defined above are then distributed among

the va_ious elenents. _Jhen the subject is sweating, latent

heat removal is assigned to the skin nodes according to

the following equations.

%LAT(2) : O.lO . S_AT

_AT(_ -- 0.60 * S:{EAT

QLAT(y --O.lO . S,_EAT

QLAT(9 - 0.02 * S_{EAT

QLAT(II) -- 0.16 * SvJEAT

%LAT(13) -- 0.02 * S_{EAT

Even when the subject is not sweating, there is la<ent heat
removal from the skin owing to insensible perspiration.

The ,nagnitude of this loss is assumed to be

6o66 * A(I) * (VPP(T(I) - VPP(TD_.,{))

in which A(1) = surface area of the Ith element of skin

VPP = vapor pressure function routine, and

TDEJ = dew point of the environment.

The insensible loss is added to the sweat loss to obtain

the total latent component. A final cheek has to be made
to establish that the _maximum rate of evaporation, which

is established by mass transfer considerations, is not
exceeded. The maximu_ rate of latent heat removal is

given by

_zx(1) : o.126 . S_T(VCAB/PCAS) * (TCAB ! 460.0 _

1.04 * A(I) * VP_T(I)) - VPP(TDE,J))

(M-IO]

(M-II
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In defining heat generation rates fo__ the various ele-

ments, it is assumed that the rate remains at tl0e basal
level in the core and skin elements. The rates in the

muscle elements become greater than the basal rate when

the subject is shivering or doing work. Hence, we have used:

%MET IS BASAL _qETABOLIC FOR ALL NODES EXCEPT NODES ,JH!CH
ARE AFFECTED BY _'JORK

QMET(]) : 49.2825

QMET(2) = 0.395S

QMET(3) : 179.3536

%MET(4) = 17.0624 F .41T * (_ORK F QSHIV)

QMET(5) : 2. 0236

4_T(_) : 6.19 J .190 _ (_ORK / aSHIV)

QMET(7) : 1.23

_MET (8) _ 2.3014

QMET(9) -- .3174

QMET(10) = 18.5702 / .393 * (_VORK / %SHIV)

_ET(ll) : 2.8172

QMET(12) = 4. 5235

%MET(13) " .4761

Similarly, the equations defining blood flow rates
for the various elements contain the assumption that there

is no change in the two core elements. Flow rates to the
muscle and skin elements increase or decrease depending

on the relative values of DILAT and STRIC.

BLOODFLOW (IN POUNDS/HR)

BF(I) : 105.897

Z_F(2) - 2.54I / .056 _ riTZ,AT

(M- __
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BF(3) = 503.013

BF(4) -- 22.062 / %]4ET(4) - STRIC

sF(5) -- 2.2062 / .3 * DIr,AT - STRZC

BF(7) -- 1.103 / .2 . DILAT - STR!C

sF(8) - 1.103 - STRZC

BE(9) = 8.828 / .I * DILAT - STRIC

BF(6) - 6.618 / QMET(6) / BF(9) - STRiC

BF(]I) = 2.206 / .294 * DILAT - STRIC

BF(]2) : 2.206 - STRIC

BF(13) = 6. 618 / .05 * DILAT - STRIC

BF(IO) : 17.649 / .4],;ET(10) / BF(13) - STRIC

Negative values of BF are not permitted.

Since our program is considerably more detailed than
the MSC program, a different numbering system is required

for identifying the ele<_ents. _Ve have subdivided the body

into fifteen major cylindrical elements which are desig-

nated according to the following table.

Table III. Identification of the Major MAPS Elements

First Subscript MAPS Identification

i Chest

2 Abdomen

3 Head

4

5

6

Proximal segment of

rlght leg

Medial segment of right

leg

Distal segment of

right leg





Table III. (Continued)

First Subscript MAPS Identification

7

8

Proximal segment of

left leg

Medial segment of

left leg

9 Distal segment of

left leg

lO Proximal segment of

right arm

ll Medial segment of
right arm

12 Distal segment of

right arm

13 Proximal segment of
left arm

14 Medial segment of
left arm

15 Distal segment of
left arm

Each major element is divided radially into annular shells,

These are numbered starting with 1 on the axis of the cy-

linder and progressing to JB(I) at the outer surface. Hence,
T(4,1) denotes the centerline temperature in the right thigh
and T(4,15) denotes the corresponding skin temperature

when fifteen radial points are used in the thigh.

It is generally desirable to use coarse radial subdJ-

vision in regions where temperature gradients are small

and finer subdivisions in regions where large te:_peratu_e

gradients exist. Therefore, we have included in our pro-

gram the option for assigning as many as five radial step
sizes in any given element. H(I,K) denotes the K-th radial

step size used in the I-th element, and JH(I,K) denotes

the radial node at which the use of H(I,K) begins. Hence,
if fifteen radial nodes are used in the fourth element for a
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total of fourteen shells, and the radial step size is 0.025

for the first eight subdivisions and 0.0125 for the remain-
ing six, we would make the following assignment for JH(4,K]
and H(4,K)

JS(4,1) = i

JH(4,2) = 9

J_(4,3) = JH(4,4) = JH(4,5) _ 20

H(4,1) _ 0.025

H(4,2) : 0.0125

H(4,3) = H(4,_) = H(4,5) = 0.0

This arrangement locates nodes radially as shown below.

I I I /_A/_ I L t , I

J = i 2 3 • . 7 8 9 ll 13

r - 0 0.05 0.15 0.20 0.25

(i)

(2)

I

i5

Oo275

It should be noted that five is the maximum number of step

sizes that can be used. Fewer than five can be used by

simply assigning values greater than JB(I) to the unused
JH's.

Physical properties are assigned in much the same way.

The annular shells in a given element can be grouped together
into as many as give _egions, in each of which the physical

properties ere uniform. JP(I,K) denotes the radial node

at which the K-th region begins, If, in the preceding

example, we set

#P(4,i) = i

#P(_,2) : 2

JP(_,3) : ll (3)

#P(_,4) - i3

#P(4,5) = 2o,
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we have a cylindrical core of radius 0.025 along the axis,

a thick annular region extending to r = 0.225, and two

outer shells each !laving a thickness of 0.00-5. Hence, the

large arteries and veins could be assigned to the _nner
cy!inde_, the thick shell could be considered to be muscle,

and the outer shells could represent subcutaneous fet a_d

skin. In each of these regions, one _ust assign values
for the density, specific heat, end thermal conductivity

of tissue; density and specific heat of blood irl the ar-

terial and venous pools; metabolic heat generation rate_

capillary perfusion rate; and heat transfer coefficients
for transfer of beat from blood in the arterial and venous

pools to _djacent tissue.

Some of these quantities, such as density, speclflc

heat, and thermal conductivity, define the passive physi-
cal structure of the subject. These quantities are impor-

tant in determining the thermal response of the subject,

but they do not change under the stimulus of thermal stress.

Hence, they are read in as data and remain constant during

the computation.

Other quantities, notably the capillary perfusion and

heat generation rates, do participate actively in the ther-

mal regulatory process and must be evaluated con%Lnuously

during _'_ne computation. One of the objectives of this

project is to incorporate the MSC control equations into

ou2 model. Since these equations define blood flow rates

and heat generation rates in large segments, such as the

trunk core, muscle, and skin, it is necessary to define

an algorithm for distributing these quantities throughout

the various segments of our model. _e have chosen to do
this by defining two pairs of numbers for each of our pro-

perty regions. Each pair defines an index identifying one

of the MSC control equations and the fraction of that quan-

tity which is to be assigned to the region in question.

For example, in the skin region of the distal segment of

the left arm, which is property region (15,3) in our pro-

gram, we have used

LVI(15,3) : 7, Fl = 0.11169

LV2(15,3) : 9, F2 = 0.5

Hence, 11.169 pel_cent of the blood flow assigned to the

skin of both arms (element 7) and 50.0 percent of the flow
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to the hand skin (element 9) in the MSC pi_ogram is assigned
to the skin of the distal arm segment in our program° This
blood flow is then uniformly distributed throughout that
region as follows. Two weight factors are defined

CVI(I,K) -- FI/VOL(I,K) (a

and

CV2(I,K) -- F2/VOL(I,K) J

in which VOL(I,K) = volume of the K-th property region
in the I-%h element. These factors define the relation-

ship between capillary perfusion rates in our model and
blood flow rates in the NASA as follows

L1 : LVI(I,K) 6)

L2 -- Lv2(I,K) (7)

QC(I,K) = CVI(I,K) * BF(LI) / CV2(I,K) * BF(L2) (8)

In the current version of our program the same weight fac-

tors are used to define the metabolic heat generation
densities.

HHET(I,K) = CVI(I,K) * QMET(LI) / CV2(t,K)* QMET(Lg) (19!

Thls scheme has several features to recommend it. One

is that the cardiac output and gross metabolic rates are
identical in the two programs. Another is that there is

close correspondence between rates assigned to such elements

as the head, trunk, and extremities in the two programs.
The third is that it is relatively easy to change the blood

flow pattern between segments, or within a given segment,

while holding the cardiac output constant.

It should also be noted that an allowance for clothing

can be accomplished easily with our program. Given an ap-

propriately defined set of parameters for a nude subject,

one merely assigns additional radial nodes in the region

occupied by clothing. Loosely fitting garments can be

separated from the skin of the subject by a region having

the physical characteristics of air. The high thermal

resistance of even a thin layer of air and cloth causes

appreciable temperature differences between clothed and
unclothed areas of skin.
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Heat transfer from an exposed surface to the e<vlron-

ment occurs by convection, radiation, and evaporationo
For esch element the convective component is defined in

terms of a heat transfer coefficient HTC(I). The thermal

flux at the surface of the I-th element is given by

HTC(I) * (TSUR - TE(I))

in which the surface temperature TSUR = T(I,JB(1))o

is the ambient alr temperature for element I.

TE( T

Precise evaluation of the radiant component for a

given element is a difficult task. de have avolded this

problem by assuming that the use of a _adiant heat trans-

fer coefficient provides sufficient accuracy. Define

HRAD(I) : 0.1719 x 10 .8 . EMIS(1) . (TSUR 3

/csu 2 . / TSU . T,,'AI L(I)2

/ T_'_ALL(I) 3)

in which EMIS(1) : the product of emissivity and "view-
factor"

Ig)

and TWALL(1) _ effective wall temperature for element I.

For this calculation, both the surface and wall temperatures

must be measured in degrees Rankine. The net radiative

flux is given by

HRAD(I) * (TSUR- T,qALL(I)).

If one has good values for all of the factors involved

in the preceding equations, an exact result Is obtained.

However, in our problem, the surface temperature ls always

changing and it is necessary to use an approximate value

for TSUR in evaluating HRAD. He _ecalculate fLRAD at each

time step. Since the time steps are quite small and the

change in HRAD caused by a change In the surface tempera-

ture is roughly 1.5 zITSUR/TSUR, it is not difficult to

keep computational errors well below one percent°

Evaluation of the evaporative component involves sever-

al factors. One of the most important, of course, is whether

the subject is sweating. Even if he is not, there is still
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an evaporative component owing to passive diffusion of

water through the skin. In our program it is assu_ed that

the diffusive component is proportional to the d_ffe_er_ce

between the wapor pressure of water at the skin temperature

and the partial pressure of water vapor in the ambient air°

The proportionality factor is empirically determised_ ._e

use the value 6.66 Btu/hr x _q. ft. x psi.

When the subject is actively sweating, the rate at

which he produces sweat may determine the rate of evapora-

tion° On the other hand, it is quite coL_mon for a subject

to produce s_eat more rapidly than It can be reL_oved by
evaporation° The excess either accumulates on the skin

and in the clothing, or it drips off° ,_hen the evaporation
rate is mass transfer limited, it is proportional to the

difference between the partial pressure of water at the

surface and in the ambient air. The proportionality factor
is a mass transfer coefficient which is determined from

di_:lenslonless correlations similar to those used for heat

transfer coefficients. _'Jhen the evaporation rate is multl-

plied by th_ latent heat of vaporizatior_, we get the follow-

_ng expression fol- the _laxl_u_l rnte of [neat loss due to

cvapor at io_.

EMX = CEVAP , (VPP(TSUR) - VPP(TDE,_)) (I1)

in which CEVAP = 0.126 * S@qT(VCAB/PCAB) * (TCAB J a60oO)

** 1.05

VCAB - wind speed

PCAB - cabin pressure

TCAB = cabin temperature

VPP(T) = vapor pressure of water

= 0.178 , EXP(9583.0 * (0.0019608 -1/(T / a60oO))

TDEW _ dew point in the cabin.

There is some question about the exact location about whethc_r

evaporation occurs st the skio surface or at the external

surface of _'-_ae garment. This depends on the particular

set of clrcu_nstances prevailing at the 'time. The para::_ete__
JS(i) speclff_es the radial node to which the latent heat

loss is to be assigned. One should be able to account for
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the amount of moisture stored on the sXin and in the elot]_x_g_
but we haven't done it.

The equations defining heat loss to the envi_on:_ent
through the respiratory tract have also been changed to
confo_"_ to the HSC model. It is assumed that expired _r

leaves ti_e subject saturated with watec vapor at a te':pei_n -
ture TRES° _e have taken

T_ZS : O.25 _ (TA(3) ! TV(3)) ! 0.5 _ TV(1}

According to the _"e ......_,_ control equation fo_z respiratlon, _,,_
volumetric respiration rate is proportional to the rot.hi

metabolic rate RHET. Hence, the equation defining the rate
at which latent heat is removed through the resplratopy

tract has the form

0_LR - i0%0.0 * 0.0418 * RHOG * RMET

• (vPP(T_s) - o.8 * VPP(TD_,J)) (13)

* 18.o/(29.o * PCAB)

in which RHOG - den,qity of inspired gas

Similarly, the rate of sensible heat removal is given by

QSR : 0.0_18 . m{oo , CPGAS . (T_ZS - TCAB] (_._)

One-half of the heat loss through the respiratory tract

is assigned equally to the arterial and venous pools in

the head, and the remainder is assigned to the venous pool
in the chest.

3. Program 0r_anization

The program contains four parts:

II Data inputCo-nputation of ccnstant parameters

I Transient s_a_e computationsData output

These parts are not completely separated in tP,e prog_a_,
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but parts i and 2 are co_pleted before parts 3 and 4 are
begun.

Data Input

Input statements are located near the beginning of
the program. All input is from cards. Each READ statement

is set off by blank cards preceding and following it.
COMMENT cards defining each variable in the READ statement

also precede it. Since these cards provide adequate defi-
nition of the variables, further discussion will not be
included here.

Computation of Constant Parameters

It is necessary to compute a number of inter-

mediate quantities which do not change during the remainder

of the calculations. Representative of these computed
parameters are the volumes of the annular shells and cer-

tain geometric parameters which define the thermal flux

between shells in terms of the difference in shell temperatures.
The program is arranged so that all of these values are com-

puted before any time dependent quantities are computed.
This arrangement reduces the number of calculations that

have to be done when physiological parameters, such as blood

flow rate, change. These calculations are completed at
Statement 505.

Transient State Computations

The calculations for each time step begin at Statement 13

where temperatures to be used in the MSC control equations

are identified. Following this step the program procedes

to evaluate S_VEAT, STRIC, and QSHIV. If none of these quan-

tities has changed more than five percent from the most

recently used value, the remaining control equations are

skipped and old values of the physiological parameters are

i_etained. Otherwise, new values are computed.

Evaluation of the physiological parameters starts

with the calculation of heat generation, blood flow, and
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evaporation rates using the MSC control equations. These
quantities are then distributed among the regions in our
model as discussed earlier. Finally, a check is made to
see whether the evaporation rate for any of the elements
is mass transfer limited.

Following evaluation of the physiological parameters,
another series of intermediate values is calculated. These
values are independent of temperature and need not be re-
calculated as long as the physiological parameters remain
constant.

The calculations that must be performed at each time
step start at Statement 60 where TRES, the effective res-
piratory temperature, is evaluated. Following evaluation
of the rate of heat loss through the respiratory tract,
the calculations required for the simultaneous evaluation
of all of the new tissue temperatures are performed. Time
is then incremented and a check is made to determine whether
the temperatures are to be printed.

After the temperatures have been printed, TIME is checked
against TIMELMT. If TIME exceeds TIMELMT, the calculation
is terminated in a manner determined by the value of LOOP.
The final problem in a series of problems is identified
by LOOP : 2. If LOOP - I control is transferred to a sec-
tion of the program where data can be changed in preparation
for running another problem.

Data Output

Temperatures can be printed at equally spaced intervals

of time as specified by the user. The values at ten radial

nodes are printed for each element. These nodes are speci-
fied by the ten values of JJ(I,K) read in for each element.

The output is arranged so that temperatures for a given

element are printed in two rows, one containing the ten

tissue temperatures and the other containing TA, TV, and
TE for the element. Identification of each tissue tempera-

ture is accomplished by printing the corresponding value

of R/A. R is the radial coordinate of the point and A
is the radius of the skin. It should be noted that this

ratio is greater than unity for points located in clothing.
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A heading at the beginning of the printed output identi-
fies the elements, lists the number of radial nodes in each
element, and lists the values of A.

All temperatures are printed in degrees Fahrenheit
except for the last table in which the values are converted
to degrees Centigrade. Radial coordinates in centimeters
are also used in the last table.

• Results - A Comparison with Correspondin_ Values Cal-

culated Usin_ the MSC Sub_0utine _N.

This contract was initiated because of the necessity

for checking the validity of the twelve-node model being

used at the MSC. The parameters for our model were chosen
equal to corresponding parameters in the MSC model. Then

a series of problems was run to see whether significant
differences between the two models did indeed exist.

Two sets of comparison runs were made, one for a high
work rate in a warm environment and one for a low work

rate in a cool environment• It was observed that differences

between the two models, especially those attributable to
truncation errors in the finite difference equations, were

more pronounced in the cooling case where rather steep in-

ternal temperature gradients were generated. Center to
surface temperature differences of 2C°F existed at the end

of tws hours of cooling while differences of 5OF were more

typical at the end of the heating period. The exaggerated
i_nportance of convective heat transport by ci_culating blood

tended to overshadow completely conductive transport in the

_ing case.

Table IV contains a summary of the results obtained

for the heating problems. The calculations cover a four

hour period in real time. During the first two hour period,

the work rate is 400 Btu/hr in an 82.4°F environment. The

dew point temperature is 70°F. At the end of the two

hour initial period, the work rate is increased to 3151Btu/hr

and the ambient dry bulb temperature is increased to 86°F.

Computations were performed for the ensuing two hour period•

In Table IV, time = 0 denotes the beginning of the second

pe_.iod.
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Table IV. Comparison of the Two Models for the Case of Heating

Head-C
S

Ti_unk-C

M

S

Arms-M

S

Hands-M

S

Legs-M
S

Feet-M

S

Blood

TIME = 0

NASA MAPS

99.09 98.8
94.12 93.6

99°57 99.o
99.42 99.6
93.99 94.9

99.53 99.2
93.31 94. o

98.1o 99.5
97.63 95.5

99.83 99.5

92.33 91.9

97° 22 98.9
95.61 93.2

99.31 98.7

WORK = 3151

TE - 86.0

TIME - 0.i

NASA MAPS

100.29 99.1

95.25 93.6

10o.72 10o.5

i02.27 ioo.9
95.20 96.5

102.36 101.4

97.37 96.6

98.38 lO1.4

99.99 97.5

102.31 101.4

96.00 93.3

97.37 101.3
97.95 94.3

i01.66 99.8

TIME - 2.1

NASA MAPS

106.64 106.9
lO5.54 102.1

107.o3 lO7.2

107.77 107.5
lO5.86 104.2

105.98 i03.6

105.98 103.6

106.30 i07.6

106.55 104.8

107.68 107.8

lO5.88 lO2.5

104.64 107.8

105.67 102.7

i06.84 106.5

The initial values are nearly equal to equilibrium

values for a man doing light work at 82.4OF., and results

obtained using the two models are in reasonable agreement.

With the exception of the values for the hands and feet,

where there are obvious idfferences between the two models,

the difference between two corresponding values is no more
than lOF. Many of the dlfferences ere less than 0.5°F.

As the values tabulated for _ : 0.i indicate, somewhat
larger differences develop during the initial heating period.

The differences associated with core and muscle temperatures
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tend to decrease in magnitude during the course of the
calculation. At the end of the two hour work period, the

largest difference in internal temperature is 0.3OF. How-

ever, considerably larger differences do exist between
several of the skin temperatures. The MSC model yields

skin temperatures for the head, arms, and legs that are

2.3°F. higher than those predicted by our model.

Similar calculations are reported for a cooling situa-
tion in which the work rate is held constant at 600 Btu/hr.

There is an initial two hour period in wbich the environ-

mental temperature is held at 82 .4°F. This is followed

by s cooling period during which the environmental tempera-
ture is 50°F.

The agreement between the two models is not as good

in this case as it was in the heating case. Differences

at the end of the initial period are comparable in the two

cases. However, as cooling progresses, skin temperatures

computed using the NASA model fall considerably below
corresponding values computed using our model. The dif-

ference between the two arm skin temperatures is 7.55OF.,

which is certainly a significant difference.

Table V. Comparison of the Two Models for the Case of Cooling

Head-C
S

Trunk-C

M

S

Arms-M

S

WORK = 6o0

TE : 82.4

TIME : 0

TE : 50.0

TIME = 2.O

NASA

99.16

92.90

99.82
99.79
92.86

97.90

92.19

MAPS

99.2
92.3

99.2
99.4
94. I

99.6
93.1

NASA MAPS

97.90 97.4
81.58 8o.9

99. lO 97.6
98.93 97.7
81.57 86.8

98.90 98.2
74.25 81.8
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Hands -M
S

Legs-M
S

Feet -M

S

Blood

Table V. (Continued)

WORK - 6OO

NASA MAPS

97.81 99.9

97.25 94.7

i00.18 99.8

91.o7 9o.8

96.68 99.4

94.59 91.9

99.58 98.9

TE = 50.0

TIME - 2.0

NASA MAPS

92.54 97.8
91.18 85.6

99.31 98.0

69.97 74.7

9O.24 98.0
84.17 78.3

98.85 97.o

It should be recognized that either of these models contains

enough free parameters to permit fitting a limited amount

of experimental data with reasonable accuracy. For example,

reducing the amount of vasoconstriction occurring in a cold

environment would undoubtedly raise the skin temperatures.

Si_ilarly, reducing the amount of vasodilatation in a warm
environment would lower skin temperatures. If one's pri-

mary objective is to develop an engineering model that can
be used to predict system performance, no particular physi-

cal significance need be attached to the parameters and they
can be adjusted as required. On the other hand, if one's

objective is to determine values of physiological variables,

it is important that the model provide a reasonably accurate

representation of the actual physical system. We feel that

the results p_esented in this section indicate that a more
detailed model than the NASA model is required for the

second purpose.
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A MATHEMATICAL MODEL OF

THE HUMAN THERMAL SYSTEM*

g EUOE_. H. WISS_ER

Department of Chemical Engineering, University of Texas

This paper describes a mathematical model developed to simulate the physical charac-
teristics of the human thermal system in the transient state. Physiological parameters,

such as local metabolic beat generation rates, local blood flow rates, and rates of sweating,

must be specified as input data. Automatic computation of these parameters will be

built into the model at a later date when it is used to study thermal regulation in the
human.

Finite.difference techniques have been used to solve the heat conduction equation on a

Control Data Corporation 1604 computer. Since numerical techniques were used, it was

po,_sible to include many more factors in this model than in previous ones. The body

was divided into 15 geometric regions, which were the head, the thorax, the abdomen, and

the proximal, medial, and distal segments of the arms and legs. Axial gradients in a

given segment were neglected. In each segment, the large arteries and veins were ap-
proximated by an arterial pool and a venous pool which were distributed radially through-

out the segment. Accumulation of heat in the blood of the large arteries and veins, and
heat transfer from the large arteries and veins to the surrounding tissue were taken into

acco_mt. The venous streams were collected together at the heart before flowing into
the capillaries of the lungs. Each of the segments was subdivided into 15 redial sections,
thereby allowing considerable freedom in the assignment of physical properties such as

thermal conductivity and rate of blood flow to the capillaries.

The program has been carefully checked for errors, and it is now being used to analyze
some problem,_ of current interest.

The synthesis of an adequate mathematical model for the human thermal sys-

tem must include the following factors: (1) the manner in which heat generated

by metabolic reactions is distributed throughout the body, (2) conduction of

* This study was supported by the office of the Surgeon General, U.S. Army, under contract
no. DA 49-193-MD-2005.
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heat due to thermal gradients, (3) convection of heat by circulating blood,

(4) the geometry of the body, (5) the relatively low thermal conductivity of the

superficial layer of fat and skin, (6) countercurrent heat exchange between large

arteries and veins, (7) heat loss through the respiratory tract, (8) sweating,

(9) shivering, (10) the storage of heat, and (11) the condition of the environ-

ment, including its temperature, motion relative to the body, and relative

humidity. Some of these factors, such as the last one, can be measured with

relative ease. On the other hand, such factors as tbe local rate of heat genera-

tion can only be measured in vivo with great difficulty, and their values must

be deduced from indirect measurements. Indeed, one of the principal uses of

a mathematical model is to assign reasonable values to those parameters which

cannot be measured directly in an experiment.

Early mathematical models, such as those developed by L. W. Eichna,

W. F. Ashe, W. B. Bean, and W. B. Shelley (1945) and by W. Machle and

T. F. Hatch (1947) were based on the "core and shell" concept in which the

rectal temperature and the mean skin temperature were used as measures of the

deep and superficial temperatures, respectively. Since the amount of in-

formation built into these models is relatively small, the formulas are simple

and easy to use, but they fail in many eases. For instance, D. McK. Kerslake

and J. L Waddell (1958) have observed that the relative volumes assigned to

the core and shell depend on the peripheral circulation, but these models do

not consider this explicitly.

Recent attempts to build more information into the models have involved

the use of modern computers of both the analog and digital types. In either

case, the basic problem has been to solve the transient-state heat conduction

equation with internal heat generation. C.H. Wyndham and A. R. Atkins

(1960) have approximated the human by a series of concentric cylinders.

Assuming that the rate of heat transfer between adjacent cylinders is propor-

tional to the difference between the temperatures of the cylinders leads to a

set of first-order differential equations which are easily solved on an analog

computer. The effect of peripheral circulation is implicitly included in the

model by allowing the effective thermal conductivity to vary as a function

of temperature. R.J. Crosbie, J. D. Hardy, and E. Fessenden (1961) have

adopted a very similar approach using an infinite slab rather than a cylinder.

They have built in some of the more important physiological responses to

thermal stress by allowing the effective thermal conductivity, metabolic rate,

and rate of vaporization to vary as the mean temperature of the body varies.

Although these models do include, in a not clearly defined mean manner, some

of the factors mentioned in the first paragraph, they do not include the effect

of regional variations in heat generation rates and blood flow rates. Wyudham
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and Atkins are currently adapting their model to include regional variations

by using a physical system similar to the one discussed below.

In two previous papers, the author has obtained both steady-state (1961a)

and transient-state solutions (1961b) for a model based on a representation of

the human using six cylindrical elements. Two of the elements represent the

arms: two represent the legs; one represents the trunk; and the sixth represents

the head. The elements are connected by the vascular system. Each ele-

ment is a two-region composite cylinder, with the inner region composed of

tissue, bone, and viscera and the outer region composed of fat and skin. All

of the factors mentioned in the opening paragraph were explicitly included in

the analysis, but such variables as local heat generation rates and local blood

flow rates were assigned as parameters to be specified in the input data. The

solution obtained was an analytical one expressed in terms of an infinite series

of orthogonal functions, and a high-speed digital computer was used to evaluate

the temperatures for a particular case. Much of the computation time was

spent evaluating eigenvalues; and since this had to be repeated whenever a

physiological variable changed, the program was not a very efficient one for

studying thermal regulation problems in which physiological parameters were

varying rapidly. Therefore, it was decided to investigate the possibility of

obtaining a more versatile solution by using finite difference techniques. The

purpose of this paper is to describe the result of this investigation.

Theory. The physical system on which the equations are based is shown in

Figure 1. It consists of a number of cylindrical elements representing longi-

Figure 1.

I'll J[I

A schematic diagram showing the geometric arrangement of the elements and

the circulatory system

tudinal segments of the arms, legs, trunk, and head. Each element, consisting

of a conglomeration of tissue, bone, fat, and skin, has a vascular system which

can be divided into three subsystems representing the arteries, the veins, and
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the capillaries. The heat which is generated in the elements by metabolic

reactions is either stored in the element, carried away by circulating blood, or

conducted to the surface where it is transferred to the environment. This is

simply a statement of the first law of thermodynamics, which can he formulated

mathematically as the heat conduction equation given below:

_T_ 1 8 / 8T_\

in which

+ hml + Q¢i(Ta,- T,) +

H,,(T_, - Ti) + H,,(T,j - T,), (I)

Tl(t, r) = instantaneous temperature of the tissue, bone, or viscera at a

distance r from the axis of the ith element,

pt(r) = density of tissue,

C,(r) = specific heat of tissue,

kl(r ) = effective thermal conductivity of tissue,

hm,(t, r) = metabolic heat generation per unit volume,

Qct(t, r) = product of the mass flow-rate and specific heat of blood entering

the capillary beds per unit volume,

Hat(t, r) = heat transfer coefficient between the arteries and tissue per

unit volume,

Hvt(t, r) = heat transfer coefficient between the veins and tissue per unit

volume,

Ta,(t ) = temperature of the arterial blood,

Tvl(t ) = temperature of the venous blood.

The term on the left-hand side of equation (1) is the rate of accumulation of

thermal energy per unit volume due to the changing temperature of the tissue

and capillary blood in the volume. This equals the sum of the five terms on the

right which represent in order the net rate of conduction of heat into a unit

volume, the rate of heat generation by metabolic reactions, the net rate at

which heat is carried into the volume by capillary blood, the rate at which

heat is transferred from arterial blood to the tissue, and the rate at which heat

is transferred from venous blood to the tissue. It should be observed that this

form of the heat conduction equation is applicable only to an axially symmetri-

cal system in which the longitudinal conduction of heat is negligible. This

means that the analysis does not apply to situations in which the subject is

curled up in a ball in order to conserve heat, If the subject is moving so that

there is a uniform flow of air around each of the elements, the analysis should

apply. H.H. Pennes (1948) has shown that longitudinal conduction in the

arms is relatively unimportant. This should be true also in the legs, but

probably is not true in the head. It has been assumed that there is perfect
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heat transfer between the blood in the capillaries and the neighboring tissue,

i.e., the temperature of blood leaving the capillary beds is equal to the tem-

perature of the neighboring tissue. Because of the small diameter of the

capillaries this is probably a good approximation, but such a simple condition

does not prevail in the larger vessels. As a first approximation it has been

assumed in this paper that the rate of heat transfer from the blood in the large

vessels to the neighboring tissue is proportional to the difference between the

blood and tissue temperatures. The proportionality factor has been called H_

for the arteries and H_ for the veins.

Since the temperature of blood in the large vessels changes with time, it is

necessary to write two more thermal energy balances. In formulating the

equation for the arteries it has been assumed that the arteries in the ith element

form a pool having a uniform temperature, Ta_. The rate of accumulation of

the thermal energy in this reservoir is equal to the sum of the net rate at which

heat is carried into the pool by flowing blood, the rate at which heat is trans-

ferred from neighboring tissue to the blood in the pool, and the rate at which

heat is transferred directly from the venous pool to the arterial pool due to the

proximity of certain arteries and veins.

matically in the following equation.

8T_l f:,(MC)_t _ = Qa,(T=,_ - Tat) + 2_rLl

This equality is expressed mathe-

in which

Ha,(T , - Ta,)rdr+

Ha_t(Tv,- Tat), (2)

Tam(t ) = temperature of the blood entering the arterial pool,

M,_ = mass of the blood contained in the arterial pool of the ith element,

Ca, = specific heat of blood,

Q_,(t) = product of the mass flow rate and specific heat for blood entering

the arterial pool,

L t = length of the ith element,

Ha_ _ = heat transfer coefficient for direct transfer between large arteries
and veins.

The

function of r.

The corresponding equation for the venous pool is

8Tvl f:'(MC),, _ = Q_,(T_ - Tv, ) + 2_rL I (Qcl + H_,)(Tt - Tv_)rdr +

Hav,(Ta,- Tv,),
in which

integral is necessary in equation (2) because the tissue temperature is a

(3)

Q,,(t) = product of mass and specific heat for venous blood flowing into

the venous pool of the ith element from the nth element.
4--B.M.B.
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It will be assumed throughout this analysis that the M.,'s and Mv/s are con-
stants so that

Qa,(t) = Qv_(t) + 27rL, Qc,(t, r)rdr. (4)

The equation for the venous temperature ill the abdominal section is slightly

different than equation (3) beeause two veins, one from each leg, flow into this

seetion. It was also necessary to modify the equations for the thoracic section

since all of the venous streams termirmte and the arterial streams originate in

this seetion. It was assumed that the temperature of the blood entering the

pulmonary capillaries is equal to the "cup mixing" mean temperature of the

venous streams entering the right ventricle. This necessitated a change in

equation (1) beeause the temperature of the venous blood entering the pul-

monary capillaries is different than the temperature of the arterial blood enter-

ing the more superficial capillaries of the thorax:

(pCh 6t - r 8r . klr 8r ] + 1_"1 + Q_(Tal - T1) +

Qcv(Tvl - T1) + Hal(Tal - T1) + HvI(T_, 1 - T,), (5)

in which

Q_o(t. r) = product of the mass flow rate and specific heat for arterial blood

flowing into the capillaries,

Q_,(t, r) = product of the mass flow rate and specific heat for venous blood

flowing into the pulmonary capillaries.

Equations (2) and (3) were also nmdified to take cognizance of the fact that

venous blood flows into the puhnonary capillaries which in turn empty into

the artcrial pool:

(MC)_I -_ - 2_L1 Q_,(T1 - Tal)rdr +

"2rrL1 tI_1(7' 1 - T_,)rdr + H_.I(T.. 1 - T.1 ) (6)

_V_,_ _ Qvi,(Vvi _ Tvl) +
(MC)_,_ _t -

27rL 1 H_,_(T I - T_q)rdr + H_.I(TaI - T_I ) + q_l, (7)

in which

q_,l(t) = rate at which heat is transferred from venous blood in the thorax

to air in the rcspiratory tract,

Q_,_(_) = rate at which venous blood flows from the ith element into the
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venouspool in the thorax = Qal(t) for those elements which are con-

nected to the thoracic segment.

The total rate of heat loss through the respiratory tract depends on the

respiratory rate and the temperature and humidity of the inspired air. In this

analysis it was assumed that the expired air was saturated with water vapor at

a mean temperature T,:

T_ = ().25Tv_he_d + 0.25Ta_he,_ + 0.5T,_ches _. (8)

Furthermore, it was assumed that 25 per cent of the heat loss through the

respiratory tract came from the arterial pool in the head, 25 per cent from the

venous pool in the head, and 50 per cent from the venous pool in the thorax.

B[,fore these equations can be solved uniquely, certain constraining condi-

tions nmst he specified. Some of these take the form of initial conditions,

which specify all of the temperatures at the instant the transient begins:

T_(O, r) = Tol(r ) (9)

T,_(O) = T_o, (lo)

T_(O) = T_o_. (ll)

Also needed are boundary conditions which relate the subject to his environ-

ment. In general they are based on the fact that the local rate of conduction

of heat to the surface through the tissue is equal to the rate of heat transfer
from the surface to the environment:

[ _T,] = H,[T,(t, a,)- Te,], (12)

in which

H_ = heat transfer coefficient,

Tet = effective environmental temperature.

The heat transfer coefficient depends on the physical properties of the fluid

surrounding the element, the velocity of the fluid, the wetness of the surface,

and the relative humidity of the environment. If heat transfer by evaporation

is important, the effective temperature of the environment will be lower than

the dry-bulb temperature. In this paper, the heat transfer coefficient for a

subject in air has been computed using the equation

H_ = Hc_ + Hr, + )h "_ t(K_F_ + KD,), (13)

in which

It¢_ = heat transfer coefficient for convection,

H_ = heat transfer coefficient for radiation,
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At = latent heat of water at T_,

(dp/dT h = rate of change of partial pressure of water with temperature

at T_,

K l = mass transfer coefficient for convection,

F_ -- wetted fraction of the surface,

Km= mass transfer coefficient for passive diffusion of water through the

epidermis.

A summary of the equations used has been published previously (Wissler,

1961a). Finally, since each element possesses axial symmetry,

W/r. ° = O. (14)

Solution of the equations. The use of numerical techniques and large, high-

speed digital computers to solve the heat conduction equation has received

considerable attention lately. A good description of these techniques is given

in the recent book by G. E. Forsythe and R. W. Wasow (1960). The principal

feature of finite-difference techniques is that they can be used even if the

physical properties vary with position, and it is for this reason that they were

employed to solve the equations presented in the preceding section.

Basically, the procedure used consists of subdividing each of the circular

elements into a number of annular shells and assigning a single characteristic

temperature to the material in each of the shells. Then the right-hand side

of equation (1) at a particular value of r can be approximated by a linear

algebraic equation. Furthermore, no attempt is made to compute the tem-

peratures of the shells as continuous functions of time. Instead, one employs

a marching procedure in which the initial temperatures are used to compute

the temperatures a short interval of time, At, later. These new temperatures

are then used to compute the temperatures at time, 2At, and so on as long as

necessary.

Figure 2 is helpful in visualizing this process. Normally, the temperatures

in a given element are all specified at t = 0, the row k = 1, by the initial con-

ditions; and the problem is to devise a procedure for computing temperatures

in the next row (k = 2), and so forth until the entire table has been completed.

It should be noted that the space and time steps need not all be the same size.

One can use small space steps near the outside of the cylinder where the

temperature gradients are the largest and large space steps near the center

where the temperature gradients are small. Similarly, small time intervals

can be used at the beginning of the interval when the temperature is changing

rapidly, and larger time intervals can be used near the end of the transient.
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In the development of the finite-difference equations, we will let T_,kj be

the temperature existing at the jth radial point rj, in the ith element after the

(k- 1)th time step, t = tk. The difference equation used to approximate

equation (1) was obtained by integrating each term in the equation over an

annular region ranging from r = rj - (h_/2) to r = rj + (h+/2), in which h_

1-0

t

K

' i 'Ii
3

h
2 : '

i I
2 3 4

t

I

I
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i

i

i • • ° , ,

_T

Figure 2.

r, 0 r:oi

Diagram showing the temporal and spatial steps used in deriving the finit_

difference equations

is the space increment to the left of rj and h + is the increment to the right of r r

Assuming that T_.kj is characteristic of the temperature in this interval and

allowing the physical properties to have one value (subscript -) to the left of

rj and another value (subscript + ) to the right of rj, one obtains the following

equation:

h_(rj - h_/4) h+(rj + h+/4) ] 3Tt kj-_ (pc),_ + 2 (pc),÷l at.....=
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kl+(r s + h+/2) 3Tt'_(J+l/2) k__(rj - h_/2) 8T_'k(J-112)
8r Sr +

h_ (rj - h_/42 [(Qc_- + Hat-)(T_.k - Tt, kj) + H_t-(Tv_,k - Tt, kj)] +

h + (rj + }2 h+/4)[(Qc'+ + Ha_+)(Ta"k- T,._j) + H_,+(T_,.k- T,.kj)] . (15)

A common factor of 2= has been cancelled out of each term. Similarly,

integrating over the interval from r s - h_/2 to rj and using equation (12) to

evaluate [kf_ (ST/3r)]r=rj, one obtains

ST_'kJ ~ -kt_(r I - h_/2) ST_'_(s-1/2)
h_(r j- h_/4)(pC)__ $t = $r

r jH_(T_.kj - Te_ ) +

h_(r I -
2 h-/4)[(Q_t ÷ H_-)(T_t'k - T_'kJ) +

Hvt_(Tv_,k- T_.kj)]. (16)

The derivatives appearing in the preceding equations are approximated as
follows:

(_Tl.(k+l/2)] Tt.(k+l)/- T_,kj
= (17)St At

ST_,k(/+I/2) T_,k(/+l)- Tl.kj
= (18)8r Ar

ST_.ko-_t2) T_.kj- T_,k(;__)
= (19)8r Ar

Substituting the preceding expressions into equations (15) and (16) and using

the arithmetic mean of the values of the right-hand side at times tk and tk +

to approximate the value of the right-hand side at time (t_ + tz+l)/2, one ob-

tains a set of equations each having the form

A_,_Tt.(_+a)(i__) + B_,yT_.(g+I) 1 + C_,_T_.(_+_)(t+_) +

U_._Ta_._+_ + V_,_T_._+_ = D_.,, (20)

in which A _,_, B_. j, C_, _, U_. _, and V_, _ are constants determined by the physical

properties and the mesh size, and D_,_ is determined by the temperatures at

time t_. It is worth noting that A_,_ and C_. _ are both zero.

Equation (2) was next approximated in the following way. In place of the
derivative on the left-hand side use

3T_,.(_+_2) T_.,_+_ - T,,_. k
= , (._)St At
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and i_l })lace of tile integral containing Tt use

' H,i(r)T,(t k, r)rdr "_ __= IV i jT,.kj
1=1

ill which

157

(22)

A+_IT__2 + BI_IT+_I + C__IT+

AIT_-I + BjTj

W1T 1 + W2T 2 -4- "." 4- ]{rj._lTj_ 1 + ]VjT+

The complete set of equations is

+ U1Ta + VxT, = D1

+ U:Ta + V2Tv = D 2

+ U3Ta + I'3Tv = D 3

+ Uj_2Ta + I'+_2T_, =

D j-2

+ U1_IT a + Vj_tT_, = (26)

Dj_l

+ UjT a + I'jT v = Dj

+ U++IT_ + V++IT, =

D++I + E++ITa_

using a (;aussian elimination procedure.

displaycd below :

B17'_ + C1T2

A2T_ + B2T.: + C2T3

A._T2 + BaT3 + CaT4

Aj-2Tj-3 +

Bj-2T+-2 + C+-2T_-1

r t +h+ 12IVy. j = Ha_(r )rdr. (23)
dr_-h_12

Substituting the expressions given in equations (22) and (23) into equation (2)

and again using the mean of the values of the right-hand side at times t k and

t k . _, one obtains an equation having the form

Y

\_ II'i ,Ti <_+1)J + Ui +Ta_k:l + I'_ +T_,_k+l = D_ I + Ef.+Tamk+l. (24)
j=l

Sinfilarly, equation (3) can he approximated by an algebraic equation

having the form

J

_(' ==">_ X T_ k+l)s+ U, _+_ a_._+_ + 1'_ s+_T,_+_
1=1

Di,_+I + E,,++_T_.,_+_. (25)

(five_ the temperatures 7'_._+_ and T_._+_ of the arterial and venous

blood entering an element, one can conlpute the tissue temperatures and blood

temperatm'cs in that element by solving simultaneously the J equations repre-

sented by equation (19) together with equations (24) and (25). Because of the

particularly simple form of equation (20), a solution can be obtained with ease
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X1T1 + X2T2 + "" + Xj-1Tj-1 + XjTI + Uj+2T,_ + V_+2Tv =

D_+ 2 + Ej+_Tv,,.

The subscripts i and k + 1 have been dropped to conserve space. To solve

this set of equations let

C1 U1

bl= N ,

C,

b, = B, - Aibi_l

V1 DI

vl = _-_1' ql= _" 1 '

U,

, u, = Bt- A_b,-l' v, = B_

D,
, (1 <i<_J)

qt = B, - A_bt-1

w_ = W, - w,__b,_l

2

U j+ 1 ---- Uj+ 1 - _. w,u,
i=1

J

V1+ 1 = V j+ 1 - _ wtvt
t=l

./

q J+l = D J+l - _ w,qt
,ffil

This reduces the set of equations

T1 + biT2

T2 + b2T3

W l = W 1 , Xl = X 1 ,

V,

- Atb,_ 1

x, = Xt - x_- lb,-1

.I

U j+ 2 = U j+ 2 - _ X|UI
i=1

./

V j+ 2 _ V j+ 2 -- _. XiV,

i=1

./

qs+2 ---- D J+2 - _ x,vt"
tffil

(26)to the simpler set given below:

(27)

+ ulT,_ + vIT,_ = ql

+ u2Ta + v2Tv = q2

Tj-1 + b1-1T, +

uj-1Ta + v1-1Tv = q J-1

TI + ujTa + vlT_ = q_

uj+lTa = v3+lTv = qJ+l + E_+ITa,_

u1+uTa + vj+2Tv = ql+2 + EI+aT,n •

(28)

Now the method of solution in a given element is clear. One solves the last

two equations for T a and T v, and then computes

Tj = qj - ulTa - vjT_

Tj = qj- bjTs+_ - ujT,_ - vjTv, j = J- 1,...,1. (29)

Finally, we must devise a scheme for computing simultaneously the blood

temperatures in all of the elements. These temperatures are defined by p_irs

of equations similar to the last two of equations (28). To see how these

equations can be solved easily, consider the distal and medial segments of an



arm or leg as shown in Figure 3.
written below:

Tu.(i-l) ",,J
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The equations for these two segments are

Figure 3. Diagram showing the blood flows into and out of two adjacent elements

Ut_l, I.+ITa(__I) + v_-1. r+xTv.-1) = qr+i + EJ'+ITo.-2) (30)

ul-1. J'+2Ta(t-1) + vr-1..,"+2Tv.-1) = qJ'+2 + EJ'+aTvt

Ut. J+tTa_ + Vt. _+tTH = qi+1 + Ey+lTa(t-l> (31)

Ut, 1+2Tal + vt,J+2Tvt = ql+2.

Note that E_+ u = 0 because there is no venous flow into a distal element.

Eliminate T_t from the second of equations (31) to obtain

Tvt = gt + StTo(t-1), (32)
in which

g' = 2tXut,,+1 ut_,+'--_!

1 (Ej+I_
St = _ \u,. j +1/

d = vt. J+____! vt. _+2
Ut, J+l _$t. J+2

Substituting the expression for Tvl computed in equation (32) into the second

of equations (30), one obtains

(ut-l. 1"+l - StEs'+l)Ta.-1) + vt-,.j,+,T_t-1) = qs'+l + StEr+l • (33)

Since this equation has the same form as the second of equations (31), one can

obviously obtain another equation of the form

T_.-1) = gt-a + St-ITs.-2) • (34)

In this way one can work his way back to the thoracic section where all venous

streams terminate and all arterial streams originate. The last two of equations

(28) written for the thoracic section have the form

Ul, JTal + Vl, jT_I = qj

ul, j+lTal + Vl. j+IT_I = qJ+l + _,E.t+l. nTvn, (35)
n
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ill which the summation extends over those elements connected to the thoracic

segment. For each of these segments an equation corresponding to equation

(31) can be written:

T,n = g, + S,Ta_. (36)

Thus, T,1 and T_l can be computed using equations (;_5) and (36), and then

all of the remaining temperatures can be computed.

A program was written in Fortran language for performing the previously

described calculations on the CDC 16¢)4 computer located at The University of

Texas. Since the numerical procedure used only gives an approximate answer

and since it is easy to make mechanical mistakes in preparing a program of

his size, a great deal of effort was devoted to checking the accuracy of the
results.

One good test of the accuracy is to solve a problem for which an analytical

_dution can be obtained and compare the two results. The distal segment of

an arm or leg can be caused to cool like a section of an infinite homogeneous

cylinder by setting the rate of blood flow into the segment equal to some lteg-

li_ibly small value (zero leads to division by zero in the program) and setting

the metabolic heat generation rate equal to zero. The analytical solution for

this case is discussed in many books, such as the one by H. I. Carslaw and

J. C. Jaeger {1959). In the test calculation, a uniform initial temperature of

.37"C and an environmental temperature of 20°C were used. The physical

prot'erties were such that the surface temperature of the cylinder fell to about

24:C during 3,000 seconds of cooling. After 1,000 seconds of cooling, the

analytical solution gave a surface temperature of 25.57°(I while the aumerical

,_dution gave 25.58°C; and after 3,000 seconds of cooling the corresponding

temperatures were 24.07_C and 24.06"(I. The mean tissue temperature at

t = 3,000 seconds computed analytically was 27.81°C while the numerically

c, mlputed temperature of the venous blood leaving the element, which should

he very close to the mean tissue temperature, was 27.84°C. It appears that

the numerical procedure used is sufficiently accurate to produce useful results.

The above results were obtained using 15 radial points and taking time steps

of 5 seconds. Under these eonditionm computing the temperatures in all 15

elements of the body requires about 15 minutes of computer time.

Since it is not convenient to obtain analytical solutions for the heat conduc-

tion equation applied to a nonhomogeneous cylinder, some other checking pro-

cedure had to be devised. It proved to be fairly convenient (and informative

since several errors were found in this way) to check the over-all energy bal-

ane,,s. For instance, in a given element the net rate at which heat is trans-

l,orted into the element by circulating blood, plus the rate of heat generation
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by metabolic reactions, minus the rate at which heat is lost to the environment

must equal the rate of accumulation of heat in the element. It must also be

true that the rate at which heat is carried into the arterial pool in an clement

by incoming arterial blood, minus the rate at which it is carried out of the pool

by arterial blood entering the capillaries or flowing into an adjacent element

must equal the rate at which heat is transferred from the arterial pool to the

surrounding tissue plus the rate of accumulation of heat in the arterial pool.

Making such over-all checks on the computed results indicated that the pro-

gram was quite free from error.

TIME-- MINUTES

Figure 4. Comparison of rectal temperatures obtained (1) experimentally, (2) by com-
putation using an analytical solution, and (3) by computation using the finite difference

scheme presented in this paper

Finally, results computed using the numerical procedure were compared

with roughly equivalent results computed using the analytical procedure re-

ported ill a previously published paper (Wissler, 1961b). Although inherent

differences in the two programs precluded making an exact check, the agree-

ment as shown in Figure 4 was acceptable in the sense that the differences

between corresponding curves could be explained logically. The most striking

difference is that the central abdominal temperature computed numerically
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falls much more rapidly during the early resting period than the corresponding

temperature computed using the analytical procedure. An explanation for

this can be found by studying the temperature profile_ existing at the be_nning

Fig'_r,: 5.
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of the period of cooling as shown in Figures 5 and 6. One interesting feature

is that the mean temperature of the abdomen computed numerically is higher

than the corresponding temperature computed using the earlier analytical

42.0

41.0 _ MEDIAL SEGMENT OF LEG

/I ABDOMEN

1
38O

Figure 6.

37.0
0 02 0.4 Q6 Q8 1.0

r
0

Temperature profiles existing at the end of the exercise period as computed
using the finite dLfferenoe sc heine
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solution. This is reasonable because the metabolic heat generated in the trunk
was concentrated in the abdomen in the latest model but was distributed uni-

formly throughout the entire trunk in the earlier model. Although there is

not much heat generation in the thoracic section, the temperature is still

relatively high. This is due to the very high blood flow rate that exists in the

lungs. The pronounced dip in the temperature profile of the thorax occurs in

the region just outside of the lungs where a capillary blood flow rate of 0.0004 cc

of blood/co of tissue-second was used. Since this value is much lower than the

value of 0.0055 assigned to the subcutaneous region, the temperature of the

region just outside of the lungs does not rise as rapidly as the temperature of

the lungs or the subcutaneous tissue. Finally, it should be noted that the

temperatures of the arms and legs are somewhat lower in the latest model than

they were in the previous model. This is due to the fact that the temperature

of the arterial blood entering these regions is lower in the latest model. It seems

41

40

HEAT TRANSFER
BETWEEN LARGE VESSELS
AND TISSUE.

WITH HEAT TRANSFER

BETWEEN LARGE VESSELS

AND TISSUE.

TIME _ MINUTES

Figure 7. Two curves which show the influence of heat transfer between the blood in

large vessels and the surrounding tissue on the rectal temperature during cooling

reasonable that this, in turn, can be attributed to the higher blood flow rates

used in the abdomen and thorax. After all, the amount of heat generated in
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theentirebodyduringtheperiodof exerciseisverynearlytile samein thetwo
nmdels;andsincethe abdominaltemperatureincreasesmorerapidly in the
latestmodelthan in thepreviousmodel,the temperaturesof theextremities
mustincreaselessrapidly. Finally,to returnto theoriginalpoint,onewould
expectthecentralabdominaltemperaturecomputedusingthe latest model to

decrease more rapidly during the first part of the cooling period because the

abdominal region is at a higher temperature and, therefore, more susceptible

to heat loss than it was when the earlier model was used. This is particularly

true because the peripheral regions are at a lower temperature than previously

and, hence, they serve as heat sinks.

It was found using the earlier model that allowing heat transfer between

adjacent large arteries and veins did not affect the rate of heating or cooling

significantly because of the very large blood flow rates used (Wissler, 1961b).

In contrast, it was found in this study that permitting heat transfer between

the large arteries and veins aad the surrounding tissue does have a pronounced

effect on the rate of heating or cooling. This is illustrated in Figure 7 where

there are presented two cooling curves, one obtained with no heat transfer

between the large vessels and tissue and the other obtaiued with what was

evidently too nmch heat transfer. It is hoped that observations of this kind

can ;,e used to determine appropriate values for those parameters which cannot

be measured directly.

]t is felt that this model contains as much information as the currently

available experimental data warrant. The next task is to study the charac-

teristics of the model in order to determine what kind of experiments might be

useful in determining those parameters which caunot be measured directly.

For example, one can ask whether useful information can be obtained by the

measurement of transient temperatures in the brachial veins duriug periodic

heating of a distal portion of the arm. If the calculations show that measurable

variations should exist, then a measurement of the amplitude and phase of the

variations should prove to be very worth-while. The results of such calcula-

tions will be reported in tuture papers.
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Appendix B

Listing for Program _,_M

and Required Data





C

1

e"

C

C

C

PROGRAM MEM(/NPUTt OUTPUT, PUNCH)

DIMENSION JH(15,5), JB(15)t H(IStS), VOLH(1St21), VOLP(15921), VOL

1(15,21), GRADM(1S,21I, GRADPi1_t21)o WIM(l_,21), W2M(15t21)t W3N(1

25,21)t WlP(15121), W2P(15,21It W3P(15o21)o JJ(1S,IO)

DIMENSION ]FIRST(6), NO(6), GZi_t6)t SZ|St6)t CRP(I_)
DIMENSION TAIl5), TV(15), T(15tg1)t TEflS)t TP(15,20)

DIMENSION JP(l_t_)t RCT(15,_), RCA(1S,5), RCV(I_,5), XK(15,5), HME

IT(IS,S), QC(I_t_), QCVfS), XLft�)t HAT(151S), HVT(15,5), WA(15t21)

2, WV(1S,21), AERC(I_), VERC(I_), AQ(1S), VO(15)t VOC(I_), AEH2(I_)
3, VEH3(15), AR(1S,21), BR(15,21), CR(15,21), DHMFT(15,21), DA(1S,)

41), OV(15t21), AI(1S), A(15), AJBMI(1S), AJ_M2(15), SMLAR(15,21),

5SMLBR(15,21)_ SMLCR(1S,21), AEHT(15), VEHT(15), 0(21), AEHTP(15),

6VEHTP(15)_ HTC(15)_ DPDT(15)_ XLAT(15)t XMK(15)_ FW(15)t XMD(15)
DIMENSION WAE(15), WVE(15), DAA(15)t DAV(15)t DVA(15)_ DVV(15), DA

1C(15)9 DVC(15)t DAAP(15)9 DVVP(15)9 WAT(15,21), WVT(15t21)_ P(6)

DIMENSION OMETIIStt BF(15)_ RB(15)

DIMENSION TS(15)t TSET(15), WARM(15)_ COLD(15), QSWEAT(15)t EV(15)

DIMENSION RADII5,10), RS(15)9 JS(15)

DIMENSION RSW(15),AS(15),ARAD(15),EMIS(15),HRAD(15),TWALL(15)

DIMENSION VCUM(15_5),LVI(15,5),LV2(15tS)oCVl(I_,_),CV2(15,5)

COMMON JH; JR, H, VOLM, VOLP, VOL_ GRADM; GRADP, WIM_ W2M, W3M_ W!

IP, W2P, W3P, JJ, IFIRST, NO, GZ; SZ, TA, TV_ T, TE_ JP_ RCT_ R(_,

2RCV, XK_ HMET, CRP_ OC, OCV; HAT_ HVT, WA, WV; AERC, VERC; AO_ VI_,

VQC, AEH2_ VEH3, AR; BR, CR, XL; DHMET, DA, DV, AI_ A, AJBMI, AJB

_M2_ SMLAR; SMLBR; SMLCR, AEHT_ VEHT_ HTC, DPDT, XLAT_ XMK, FW, XMD

5, WAE, WVE, DAA, DAV; DVA, DVV, DAC, DVC, DAAP, DVVP, WAT, WVT, P

PRINT 102

READ 103

PRINT 103

PRINT 104

PPINT 105

UNITS USED ARE BTU'S, DEGREFS FAHRENHEIT,FFFT.HOURS.AND POUNDS MASS

PCAB = CABIN PRESSURE. TCAB = CABIN TEMPERATURE

TDEW : CABIN DEW POINT, RHOG = AIR DENSITY

CPGAS = SPECIFIC HEAT OF AIR, VCAB : CABIN AIR VELOCITY.

READ 112_ PCAB,TCAB.TDEW,RHOG,CPGAS_VCAB

LOOP=I

TIME = 0.0

IPRINTI = 1

Pl = 3o14159265_9

WORK=METABOLIC RATE ABOVE BASAL EXCLUDING SHIVERING

WORK:600.O

RMET=TOTAL MFTABOLIC RATF

R_ET=WORK+28a.

ESTABLISHES SET-POINTS FOR CONTROL EQUATIONS

TSET(I} = 98.46

TSET(2) = 96.12

TSET(3) = 98.6_

TSET(4) = 9_.74

TSET{5) = 9_.68

TSFT(6) = 96.8_





C"

C
C

C

TSET(7) : 93,24
TSET(8) : 97.56

TSET(9) : 96,8_

TSETIIO) : 97.20

TSET(II) = 91,4_

TSET(12) : 97°56
TSET(13) : 96°30

TSFT(14) = 98o10

SWEATP : 0.0

O%HIVP : 0.0

STRICP : 0.0

IPRINT=NUMBER OF TIME STEPS TAKEN BETWEEN EACH PRINT-OUT

TIMELMT=TIME AT WHICH COMPUTATION ENDS

DT:TIMF INCREMENT

READ 106, IPRINT, TIMELMT, DT

IFIRST(L)=NUMBER OF FIRST ELEMENT IN THE L-TH SEGMENT

NO(L}:NUMBER OF ELEMENTS IN THE L-TH SEGMENT

L=I DENOTES RIGHT LEG

L=2 DENOTES LEFT LEG

L:_ _ENOTES RIGHT ARM

L=a DENOTES LFFT ARM

READ I07, (IFIRST(L), NO(L), L : I, 4)

IFIPST(5) : 2

IFIRST(6) : 3

I£UM = 3

DO 2 L : I. z*

ISUM : ISUM+NO(L)

PRINT 11_

PPINT 115, TIME

nO ll I = ], I£U_

JB(1):NUMBFR OF RADIAL NODES IN I-TH ELEMENT

JH(I,K):RADIAL NODES AT WHICH RADIAL INCREMENTS CHANGE

H(I,K}:K-TH RADIAL INCREMENT IN I-TH ELEMENT

RFAD I08, JR(I}, (JH(I, K), H(I. K), K = I, 5)

JBI : JB(!)

TA(1):INITIAL TEMP OF ARTERIAL BLOOD IN I-TH ELEMENT

TV(1)=INITIAL TEMP OF VENOUS BLOOD IN I-TH ELEMENT

TE(I}=EFFECTIVE ENVIRONMENTAL FOR I-TH ELEMENT

TWALL(1):TEMPERATURE OF WALLS SEEN BY I-TH ELEMENT

T(I,J)=INITIAL TISSUE TEMP AT J-TH NODE IN I-TH ELEMENT

PFA_ 109, TA(I}, TV(1), TF(1), (T(I, J), J : I, JRI)

TWALL(1):82.a

TE(I}=82°_

JJ(I,K) DENOTE In NODES FOR WHICH TEMPS WILL BE PRINTED IN I-TH

ELEMFNT





C

C

C
C

C

5
6
7

9

C
C
C
C

READ II0, (JJll, K), K : I, I0)

JSII}=NODE AT WHICH EVAPORATIVE LOSS OCCURS IN I-TH ELEMENT

RFAD 110, JS(1)

RS(1)=RADIUS OF SKIN SURFAC_

READ 109, RS(I}

F)O 3 K = I, 10
Y = JJ(I, K)

TP(I, K) = TII, J}
PRINT I17, I, (TP(I, Ki, K = 1, 10)

PRINT 120, TAll}, TV(I), TE(I}
COMPUTE GEOMETRIC FACTORS USED TO EVALUATF COEFFICIENT IN FINITE

DIFFFRFNCF EQUATIONS
P, = h.O

IF (JJ(I, 1) .EQ. 1} RAD(I, 1) -- 0.0

HP = H(I, I)
RP - HP

VOLM(I, 1) = 0.0
VOLP(I, I) = HP*HP/4.0

VOL(I, I) = RP*RP

GRADM(I, I) = 0.0

GRADP(I, 1) = 1.0

K = 2

KP = I
IF (JJ(I, 1) ,,EQ. 1) KP = 2

r)O 9 J = 2, JBI
HM = HP

pM = P
r_ = pP

IF (J.FQ.JS(I)) RSW(I}=R

IF (JJ(I, KP) .EQ. J} 4,5

RAD{I , KP) = R
KP = KP+I

IF (KP .GT. 10} KP = 1

IF (K .GT. 5) 8,6
IF (J-JH(I, K)) 8,7,8

HP = H(I, K)
K = K+I

RP = _+HP

VOLM(I, J) = HMI(R-HM/4.0)

VOLP(I, J) = HP*(R+HP/4.0)

VOL(I, J) = (RP*RP-R*R)

GRADM(I, J) = 2.0*R/HM-I.O

GPADP(I , Jl = 2.n*R/HP+I.O
VOL(I, JBII -- C).n

GQADP(I, JRI) = m.O

VOLP(I, JBI) = 0.0
_F_(1) = P

r)O I _ K = I, 5

JP(I,K)=RADIAL NODES AT WHICH PHYSICAL PROPERTIES CHANGE VALUES IN

I-TH ELEMENT
IN THE FOLLOWING DEFINITIONS, I DENOTES THE I-TH ELEMENT AND





C K DENOTES THE K-TH VALUE OF THE PROPERTY
C RCT(I,K)=PRODUCT OF DENSITY AND SPECIFIC HEAT FOR TISSUE PLUS
C BLOOD IN CAPILLARIES

C RCA(I,KI:PRODUCT OF DENSITY AND SPECIFIC HEAT FOR BLOOD IN LARGE
C ARTERIFS
C RCV(ItK)=PRODUCT OF DENSITY AND SPECIFIC HEAT FOR BLOOD IN LARGE

C VFINS

C _K(ItK}=THERMAL CONDUCTIVITY OF TISSUE
C HMET(I,K)=METABOLIC HEAT GENERATION RATE PER UNIT VOLUME

C QC(ItK)=PRODUCT OF VOLUMETRIC FLOW RATE, DENSITY, AND SPECIFIC

C HEAT FOR BLOOD ENTERING CAPILLARY BEDS PER UNIT VOLUME

C HAT(I,K)=HEAT TRANSFER COEFFICIENT FOR TRANSFER BETWEEN BLOOD IN

C LARGE ARTERIES AND ADJACENT TISSUE
C HVT(I,K)=CORRESPONDING QUANTITY FOR LARGE VEINS

10 READ 111, JP(I, K), RCT(], K), RCA(I, K), RCV(I, K), XK(I, K), HME

IT(I, K), QC(I, K}, HAT(I, K), HVT(I, K)
C
C
C
C
1]

c

C

c

C

c

C
C
C
C
C

HTC(1)=HEAT TRANSFER COEFFICIENT AT SURFACE OF I-TH ELEMENT

FMIS(1)=EMISSIVITY OF I-TH ELEMENT

XL(1)=LENGTH OF I-TH ELEMENT

READ 112, HTC(1), EMIS(1), XL(1)

QCV(K)=RELATIVE BLOOD FLOW RATE TO CAPILLARIES IN K-TH SEGMENT OF
CHEST

QCV(K)=I.0/(RO(K)*W2-RI(K)**2)

READ 112, (QCV(K), K : i, 5)

PRINT 110. (JS(I},I=ItISUM)

PPINT 112, (RSW(I},I=I.ISUM)

DO 12 I = 1, ISUM
O0 12 J = I, I0

12 RAD(I, J) = _AD(I, J)/_S(1)
no 5no I:],ISIIM

K=I
Z=PI*XL(1)

VCUM(I,K)=VOL(I,!)*Z

JBMI=JBII)-I

DO 502 J:2tJRM1
IF (J°EQ,JP(I,K+I)) 501,502

501 K=K+]

VCUM(I,K)=O.O

502 VCUM(I,K)=VCUM(I,K)+VOL(I,J)*Z

50n CONTINIIE
DO 5n5 I=I,ISUM

nO 5m5 K=I,5

FI = FRACTION OF BLOOD FLOW OR HEAT GENERATION FROH CONTROL
FQUATION LVI(I,K) WHICH IS TO BE ASSIGNED TO THE K-TH REGION

OF I-TH ELEMENT

F2 AND LV2(ItK) HAVE SIMILAR MEANINGS

READ 124, FI,F2,LVIII,K),LV2(I,K)

I¢ (FI.EO.0.O) 506,507

506 CVI(I,K)=O°O

GO TQ 508





C

507 CVI(ItK)=FIIVCUM(ItK|

508 IF (F2.EQ.OoO) 5099510

509 CV2(19K)=O°O

GO TO 505

510 CV2(I,K)mF2/VCUM(I,K)

505 PRINT 1219 FlwCVltltK)gF2*CV2(19K)*VCUM(19K)
IDENTIFY TEMPERATURES TO BE USED IN THE CONTROL EQUATIONS

13 TS(1) = T(39 3)

TS(2) = T(3, 15)

TS(3) = 0.5_(T(19 1)+T(2, 1))

TS(4) = 0.5_(T(19 7)+T(29 7))

TS(5) = 0o5_(T(I, 15)+T(29 15))

TS(6) = 0o333_(T(I09 3)+T(119 3)+T(12, 3))

TS(7) = 0.333_(T(I0. 15)+T(I]_ 15)+T(129 15))

TS(8) = T(]29 3)

TS{9) = T(129 15)

TS(IO) = O.333e(T(4. 3)+T(5. 3)+T(6, 3))

TS(11) = O.333e(T(4_ 15)+T(5_ 15)+T(69 15))

TS{12) = T(6, 3)

TS(13) = T(69 15)

TS(I4) = TA(1)

COMP_JTE SWEAT_STRIC. AND DILAT

_0 16 I = 1. 14

TFST = TS(1)-TSET(1)

IF (TEST .LT. _.m) 14.]5

14 COLD(1) = -TEST

WARM(1) = 0.0000001

GO TO 16

15 WARM(1) = TEST

COLD{It = 0.000001

16 CONTINUE

WARMS = .056*WARM(2)+.276*WARM(5)+.I73_WARM(7)+°O43*WARM(9)+.383_W

IAPM(11)+.O69_WARM(13)

COLDS = .056_COLD(2)+.276_COLD(5)+.173_COLD(7)+.OA3_COLD(9)+.383*C

IOLO(I1)+.O69*COLn(13)

_.IARMM = .417*WARM(4)+°]9_WARM(6)+.393_WARM(IO)

CQLDM = °417_COLD(4)+°19_COLD(&)+.393_COLD(IO)

S'_EAT = WAQM(l)*tWARMS+/,tAqMM)*TB,4814
BILAT = SWFATI4°

QSHIV = COLO(1)*(COLDS+COLDM)W73.4814

STRIC = {COLDS+COLDN)W°01961

IF SWEAT, STRIC, OR DILAT HAS CHANGED BY MORE THAN 5 PERCENT9

PECOMPUTE HEAT GENERATION AND BLOOD FLOW RATES

? = ABSF(SWEAT-SWFATP)/SWEAT

ZP = ASSF(QSHIV-QSHIVP)/QSHIV

IF (ZP .GT. Z) 17.18

17 ? = 7P

18 ?P = ABSF(STRIC-_TRICP)/STRIC

IF (ZP .GT. Z) 19.20

19 Z = ZP

20 IF (Z .GT. OohS) 21,60

21 SWEATP = SWEAT

STRICP = STRIC

OSHIVP = QSHIV





C

C
C

C

22
C

DISTRIBUTE HEAT GENERATION AND BLOOD FLOW AMONG VARIOUS SEGMENTS

QMET IS BASAL METABOLIC FOR ALL NODES EXCEPT MUSCLE NODES WHICH

ARE AFFECTED BY WORK

QMET(I = 49.2825

OMET(2 = 0.3968

QMET(3 = 179,3536
OMET(A = 17,062A+,AI7*IWORK+OSHIV)

QMET(5 = 2,0236

OMET(6 = 6,19+,I90*(WORK+OSHIV)

O_ET(7 = 1,23

QMET(8 = 2,3014

OMET(9 : ,3174

OMET(10) = 18,5702+,393*(WORK+OSHIV)

QMET(II) : 2,8172

OMET(12) : 4,5235

OMET(13) = ,_761

OMET(14)=O,O

BLOODFLOW (IN POUNDS/HR}

BF(1) = I05,897

BF(2) = 2.647+,056*DILAT

BF(3) = 503.013
BF(4) = 22,062+QMET(4)-STRIC

BF(5) = 2,2062+,3*DILAT-STRIC

_(7) = 1.103+,2*DILAT-STRIC

£F(81 = 1.]03-STRIC

RF(9) = 8,824+,I*DILAT-STRIC

FF(6} = 6,618+OMFT(6)+EF(91-STRIC

BF(13) = 6,618+,mS*DILAT-STRIC

BF(IO) = 17.649+ONET(IO)+BF(13)-STRIC

BF(11) = 2,206+,294*DILAT-STRIC

RF(]2) = 2,206-STRIC

BF(14)=O,O

TSBF = BF(2)+BF(5)+BF(7)+BF(9)+BF(11)+BF(13}

CHECK FOR NEGATIVE BLOOD FLOW

DO 22 I = 1, 13

IF (RF(1) .LT, 0.1 RF(1) = 0,000001

DO 23 I=I,ISUM

O0 23 K=1,5

LI=LVI(ItK)

L2=LV2(I,K)
HMET(I,K)=CVl(I,K)*OMET(LI)+CV2(I,K)*QMET(L2)

23 OC(I,K)=CVI(ItK)WBF(L1)+CV2(I,K}*BF{L2)

COMPUTE EVAPORATIVE FLUX AT SURFACE OF I-TH ELEMENT, EV(1)

EV(1
EV(2

EV

EV 4

FV 5
FV 6

=V 7

FV 8
FV 9

=O,09300*SWEAT

=O.09300*SWFAT

= O.063787*SWEAT

= O.022821*SWEAT

= O.n22821*_WFAT

: O.033389*SWEAT

= O,022821*£WEAT
= O,022821*SWEAT

: O,033389*SWEAT





C

C

C

406

405

;V(lO)=

EV(II)=

EV(12)=

_V(13)=

EV(IA)=

EV(15):

O.024555*SWFAT

O.024555*SWEAT

O,040650*SWEAT

O.024555*SWEAT

O.024555_SWEAT

O.040650*SWEAT

CEVAP=COEFFICIENT IN EXPRESSION FOR MAXIMUM EVAPORATION RATE

CFVAP=O.126_SQRT(VCABIPCAP)*(TCAR+460.O)_*I.04

SWFT=O.O

DO 406 I=I,ISUM

JZ=JS(1)

TSUR=T(I,JZ)

?=VPP(TSUR)-VPP(TDEW)

INSENSIBLE EVAPORATION RATE=6.66*Z

SWET=SWET+2.0*PI*RSW(1)_XL(1)*EV(1)

FV(1)=FV(1)+6.66*?

FMX=CEVAP*Z

FMX=MAXIMUM EVAPORATIVE FLUX

IF (FV(1).GT.EMX) EV(1)=EMX

COMPUTE HEAT TRANSFER COEFFICIENT FOR RADIATION

Jl=J_(1)

TSZ=T(I,JZ)+460.n

TWZ=TWALL(1)+460.O

HRAD(1)=O.1713E-8*EMIS{I)*(TSZ**3+TSZ*TSZ*TWZ+TSZ*TWZ*TWZ+TWZ**3)

CONTINUE

DO _1 I=I,ISUM

Jn_] = JB(1)-I

K = I

O_P = OC(It K}

VOC(I) = _.0

DO 31 J = I, JBMI

OCM = OCP

IF (K .GT. 5) 31,29

29 IF (J-JP(I, K)) 31,30,31

30 OCP = QC(I, K)

K = K+I

31 VOC(1) = VQC(1)+VOL(I, J}*QCP

CA_nIAC=O.O

_0 401 I=I,ISUM

4hi CARnlAC:CARDIAC+VQC(1)*PI*XL(1)

nFNASA=O.P

402 PFNASA=BFNASA+_F(1)

P_INT 121, CAPDIAC,RFNASA,SW_T,SW_AT

403 _0 32 L=I,_

C COMPHTF BLOOD FLOW RATE TO LUNGS

N = NO(L)

I = IFIRST(L)+N-1

VO(1) = 0.0

AQ(1) = VQC(1)

DO 32 INVRS = 2, N

I = I-I

VQ(1) = AQ{I+I)*XL(I+I)/XL(!)

32 AQ(1) = VQ(I}+VQC(I}





34

C
35

36

_7

38
39

VO(3) = 0.0

AO(3) " VQC(3)

II = IFIRST(I}

12 = IFIRSTI2)

VO(2) = (XL(II)tAQ(II|+XL(12)mAO(12)}/XL(2)

AO(2) = VO(2)+VQC(2)

? = 0.0

DO 33 L = 3t 6

LI : IFIRST(L}

I = ?+XLILI}*AQ(LI)

QVL = Z/XL(II+VQC(I)

r)o 34 L = 3, 6

LI = IFIRST(L)

P(L) = XLILI)*AQILIi/Z

DO 56 I : 1, ISUM

AS( I ) =RSW( I )

AI(1) = RB(I}

JBI = JB(1)

K = I

RCTP = RCT( I_ K)

RCAP = RCA(I, K)

PCVP = RCV(I _ K)

×KP = XK ( I , K)

HMETP = HMET( I, K)

OCP = OC ( I , K )

IF (I-I) 35,35,36

DISTRIBUTE BLOOD FLOW TO LUNGS

QCVP = OVL*OCV(K)

GO TO 37

OCVP = 0.0

HATP = HAT(It K)

HVTP -- HVT( I• K)

K = 2

A_'RC( I ) = 0.0

VFRC(I} = 0.0

AFH2( I } = 0.0

VFH3 ( I ) = O. 0

AP( I, I) = 0.0

VQC(I} = 0.0

DO 44 J = 1, JBI

RCTM = RCTP

PCAN_ = RCAP

RCV_. = RCVP

XKM = XKP

HM_TM = HVFTP
Qf'M = QCP

OCV'4 = OCVP
HATM = HATP

HVTM = HVTP

IF (K .GT. 5) _3,_8

IF (J-JP(I_, K)) 43,39,a. 3
RCTP = RCT ( I , K )

PCAP = RCA(I, K)

I_CVP = RCV(I, K)





40

41
42

I-,3

4z_

45

46

47

XKP m XK(Io K)

HMETP = HMET(It K)

OCP = OCII_ K}

IF (I-l) _0tAhtA]

QCVP = QVL_QCV(K)

GO TO 42

QCVP = 0,0

HATP = HAT(I_ K)

HVTP = HVTII_ K)

K = K+I

EPRC = VOLMII_ J)*RCTM+VOLPIi_ J)*RCTP

AR(I, J) = -GRADM(I, J)*XKM*DT/(2.0*EPRC)

FR(I, J) = (GRADMII, J)*XKM+GRADPII, J)_XKP+VOLMIIt J)*IQCM+HATM+Q

]CVM+HVTM)+VOLP(It J}w(QCP+HATP+OCVP+HVTP)}_DT/(2.0_EPRC)

CR(I, J} = -GRADP(I_ J)*XKP*DT/(2.0*EPRC)

DHMET(I_ J) = (VOLM(I_

AERC(1) = AERC(1)+VOL(

VFRC(1) = VERC(1)+VOL(

VQC(1) = VQC(1)+VOL(I_

AEH2(I) = AEH2(1)+VOL(

VEH3(I) = VEH3(1)+VOL(

DA([_ J) = (VOLM(It J)

IFPRC)

DV(I, J) = (VOLM(I_ J)

I_*EP_C}

JI_HMETM+VOLP(I, JI_HMETP)_DT/EPRC

It J)_RCAP

It J)*RCVP

J}_QCP

I_ J)*HATP

19 J)_HVTP

_(QCM+HATM)+VOLP(I, J)_(QCP+HATP))_DT/(-2.0 _

_(QCVM+HVTM)+VOLP(I_ J)_(QCVP+HVTP))_DT/(-2.

W_(I, J) = -{VOL_(I, J)_(OCVM+HAT_)+VOLP(19 J)_(OCVP+HATP))/2.0

WV(I, J) = -(VOL_(I, J)_(QCM+HVTM)+VOLP(I_ J)_(QCP+HVTP))/2.0

IF (J.EQ.JS(1)) AS(1)=AS(1)*PT/EPRC

CONTINUE

AQ(1) = AQ(I}/2._

VQ(1) = VQ(1)/2.h

VOC(1) = VQC(1)/2.0

AEH2(1) = AEH2(1)/2.0

VEH3(1) = VEH3(1)/2.0

IF (I-I) 45_kS,a&

QVL = QVL/2.0

DAA(1) = AERC(1)/DT+QVL+AFH2(1)

DAY(1) = 0.0

DAAP(1) = h.O

DV_{I) = 0o0

DVV(1) = VERC(1)/DT+QVL+VEH3(1)

DVVP(1) = QVL-VQC(I)

GO TO _7
DAA(1) =

DAV(1) =

DAAP(1)

DVA(1) =

_VV(I] =

DVVP(1)

AERC(1)/[)T+AQ(1)+AEH2(1)

0.0

= AQ(I)

0.0

VERC(1)/DT+VQ(1)+VQC(1)+VEH3(1)

= VQ(I)

CONTINUE

AI{I) = AI(1)_T/FPRC

All} = AI(1)_HTC(1)

AqAP(1)=AI(1)_HRAD(1)

BP(I, JBI) = BR(I_ JBI)+A(1)+ARAD(1)

DO 4_ J = i, JBI





WAT(I, J) = WA(I, J!

A8 WVT(I, J} = WV(I, J}

DO 55 J = 19 JBI

IF (J-l} 49,49,50

49 SMLAR(I, I} = I.n/(I.0+BR(I, I))

GO TO 51

50 S_LAR(I, J| = I.O/(I°O+BR(I, J)-AR(I, JI_SMLBR(I, J-l))

51 SMLBR(I, J) : SMLAR(I, J}*CR(I, J)

SMLCR(I, J) : SMLAR(I, J)*AR(I, J)

IF (J-l) 52,52,53

52 DA(I, I) : SMLAR(I, I)*DA(I, i)

DV(I, i) = SMLAR(I, I)*DV(I, 1!

GO TO 54

53 DA(I, J) = SMLAR(I, J)_DA(I, J)-SMLCR(I, J)_DA(I, J-l)

DV(I, J) = SMLAR{I, J}_DV(I, JI-SMLCR(I, J)*DV(I, J-l)

IF (J.EQ,JBI) GO TO 25

EL WA(I, J+l) = WA(I, J+I}-SMLBR(I, J)_WA(I, J)

WV(I, J+l) = WV(I, J+I}-SMLBR(I, J}JWV(I, J)

25 DAA(1) = DAA(1)-WA(I, J)*DA(I, J)

DAV(1) = DAV(I}-WA(I, J)*DV(I, J)

OVA(1) = DVA(1)-WV(I, J)*DA(I, J)

55 DVV(1) = DVV(1)-WV(I, J)_DV(I, J}

56 SMLRRII, JBI} = 0.0 .

DO 58 L = 1, 4

N = NO(L)

DO 58 INVRS = 1, N

II = N+I-INVRS

I = IFIRST(L)+II-I

DAV(1) = -DAV(1)/DAA(1)

OAAP(1) = DAAP(1)/DAA(1)

DVV(1) = nVV(1)+_VA(I}*nAV(I)

£Z(II, L) = -nVA(1)*DAAP(1)/DVV(1)

IF (II-l) 5R,58,_7

_7 DVA(I-1) = DVA(I-1)-DVVP(I-I)w_Z(IIt L)

58 CONTINUE

DAV(1) = -DAV(I}/DAA(1)

11 = IFIRST(1)

12 = IFIRST(2)

P(1) = VQ(II)+VQ£(I1}

P(2} = VQ(12)+VOC(12}

? = P(1}+P(2}

P(1) = P(I)/Z

P(2) = P(21/?

DAV(2) = -DAV(2)/DAA(2)

DAAP(2} = DAAP(2)/DAA(2)

OVA(2) = _VA(2)-DVVP(2)_(P(2}wSZ(I, 2)+P(1)_SZ(], 1})

DVV(2) = DVV(2)+DVA(2}*DAV(2)

SZ(1, 5) = -DVA(2)*DAAP(2)/DVV(2)

DAV(3) = -DAV(3)/DAA(3)
DAAP(3) = DAAP(3)/DAA(3)

DVV(3) = DVV(3)+DVA(3)_DAV(3)

SZ(1, 6) = -DVA(3)_DAAP(3)/DVV(3}
7 = n.0

DO 59 L = 3,
%9 7 = 7+P(L}WSZ(1, L)





61

62

6t

6z_

66

67

&8

89

70

71

72

73

7a

75

76

77

DVA(1) : DVA(II-DVVP(1)*Z

DVV(1) = DVV(I}÷DVA(1)*DAV(1)

COMPUTE RATE OF HEAT LOSS THROUGH RESPIRATORY TRACT

60 TRES=O°25*(TA(3)+TV(3))+O,5*TV(1)

QLR=EVAPORATIVE RATE OF LOSS

QLR=IO40,O*0°0418*RHOG*RMET*(VPP(TRES)-0,8*VPP(TDEW))*IB,O/

1(29,0*PCAB)

OSR=SENSIBLE RATF OF LOSS

QSR=O,O41B*RHOG*RMET*CPGAS*(TRES-TCAB)

QQ=QLR+QSP

nO 61 I = l, ISUM

TEll} = TE(IJ+TSTFP

TFR = TER+TSTEP

DO 81 I = l, ISUM

AEHT(1) = 0,0

VEHT(1) = 0,0

JRI : JB(1)

DO 62 J = I, JBI

AEHT(1) = AEHTll)-WAT(I, J)*T(I, J)

VEHT(1) = VEHT(II-WVT(I, J)*T(I, J)

IF I-2} 68,70,63

IF I-3) 70,74964

IF I-IFIPST(ll) 73972,65
!

IF I-IFIP£T(2)) 73,72966

IF I-IFIPST(3)) ?3,7496?

IF I-IFIRST(4)} ?3,74,73

TAIN = TAll)

TVIN = -P(6)*0,25*QR/(2,0*PI*AQ(3)*XL(3))

DO 69 L = 39 6
LI = IFIRSTIL)

TVIN = TVIN+PlL}*TV(LI)

GO TO 75

TAIN = TAll)

TVIN = 0,0

nO 7] L = l, 2

LI = IPIRST(L)

TVIN = TVIN+P(L)*TV(LI)
GO TO 76

TAIN = TA(2)
TVIN = TV(I+I)

GO TO 76
TAIN = TA(I-1)

TVIN = TV(I÷I)

GO TO 76

TAIN = TA(])

TVIN = TV(I_I)
GO TO 76

DAC(I) = (AERC(II/DT-QVL-AEH2II))*TA(1)+AEHT(I)

nVC(1) = (VERC(1)/DT-QVL-VEH3(1))*TV(1)+DVVP(1)*TVIN+VEHT(1)

GO TO 77
DAC(I) = (AERC(1)/_T-AO(1)-AFH2(I))*TA(I)+AQ(I)*TAIN+AEHT(1)

DVC(1) = (VERC(1)/DT-VQ(I)-VQC(1)-VEH3(1))*TV(1)+VQ(1)WTVIN+VEHT(!

I)

DO 80 J = 1, JBl

D = _HMET(I, Ji-AR(I , J)*T(I, J-I)+(I,0-BR(I, J))*T(I, J)-CR(I, J}





I*T(I. J+l)

IF (J°EQ.JS(I}) D=D-2.0*ASII)*EV(1)

IF (J-JBI) 79tTBt79

78 D = D+2,0*A(1)*TF(1)+2.O*ARAD(1)*TWALL(I|

79 Q(J} = SMLAR(I, J)*D-SMLCR(I, JI*Q(J-I}

DAC(I} = OAC(I}-WA(I, J)*(Q(J)-DA(I, J}*TA(1)-DV(I, J}*TV(1)I

80 DVC(1) = DVC(1)-WV(I, J)*(Q(J)-DA(I, JI*TA(1)-DV(I, J)*TV(1))

DAC(1) = DAC(1)/DAA(1)

DO 81 J = 1, JBI

81 T(I, J_ = Q(J)-DA(I, JI*TA(1)-DV(I, J)*TV(1)

DVC(1) = DVC(1)-O.5*QR/(PI*XL(1)}

DAC(3) = DAC(3)-O.25*QR/(DAA(3)*PI*XL(3))

_0 83 L = 1, 4

N = NO(L)

OO 83 INV_S = 1, N

II = N+I-INVRS

I = IFIRST(L)+II-I

GZ(II, L) = (DVC(I|-DVA(1)*DAC(1))/DVV(I)

If (II-1) 83983,82

82 DVC(I-1) = DVC(I-1)+DVVP(I-I)*GZ(II, L)

83 CONTINUE

DVC(2) = DVC(2)+DVVP(2)*(P(1)*GZ(I, 1)+P(2)*GZ(I, 2))

GZ(I, 5) = (DVC(2)-DVA(2)*DAC(2,})/DVV(2)

GZ(I, 6) = (DVC(3)-DVA(3)*DAC(3)}/DVV(3)

I=I

7 = P(6)*(GZ(I, 6)-O.25*QR/(P.O*PI*AO(3)*XL(3))}

_0 8_ L = _, 5

R4 7 = 7+PtL)*GZ(I, L)

TV(1) = (DVC(1)-DVA(1)*DAC(I)+DVVP(1)*Z)/DVV(1)

TA(1) = DAC(1)+DAV(1)*TV(1)

DO 85 I = 2, 3

L = I+3
TV(1) = GZ(I, L)+SZ(1, L)*TA(1)

85 TA(1) = DACtl)+DAV(1)*TV(1)+DAAP(1)*TA(1}

_0 89 L = 1, 4

IF (L-2) 86,86,87

£6 TAIN = TAt2)
GO TO 88

87 TAIN = TA(I}

88 N = NO(L)

I = IFIRST(L)

TV(1) = GZ(I, L)+SZ(1, L)*TAIN

TA(I} = DAC(1)+DAV(1)*TV(1)+DAAP(1)*TAIN

DO 89 II = 2, N

I = IFIRST(L)+II-I

TV(1) = GZ(II, L)+SZ(II, L)*TA(I-1)

R9 TA(1) = DAC(1)+DAV(I )*TV(1)+_AAP(1)*TA(I-I)

r)o 91 I = I, ISUM

.J_l = JB(1)

_0 90 INVPS = 1, JRI

J = JB{ I)-INVqS+I
o0 T{I, J) = Ttl, J)-£MLPP(I, J}*T(I, J*I)-DA(I, J)*TA(1)-DVII, J)*TV

If1)

91 CONTINUE

TIME = TIME+DT





IF (IPRINTI-IPRINT} 92,93t93
92 IPRINTI = IPRINTI+I

GO TO 13

93 IPRINTI = ]

PRINT 114

PRINT 116, TIME

DO 95 I = I, ISU_

nO 94 K = ], 10

J = JJ(I, K)

Q4 TP(I_ K) = T(I_ J)

PRINT 118_ I_ (RAD(I_ K)_ K = I, 10)

PRINT 119t (TP(I_ K)* K = 1. 10)

PRINT 120_ TA(1), TV(1), TE(1)

95 CONTINUE

GWISS=O.O

DO 410 I=I,ISUM

JpMI:J_(1)-]

?=PI*XL(1)

K=I

_0 410 J=ItJBMI

IF (K°GT.5) GO TO 410

IF (J.FQ.JP(I,K)_ 412,410

412 HWP=HMET(I_K)

K=K+I

410 GWISS=GWISS+Z*HWP*VOL(I_j}
RMAT=O.O

nO 24 I=I_]3

24 _MAT=RMAT+QMET(1)

PPINT 121_ GWISS,RMAT

IF (TIME-TIMELMT) 13_97.97

o7 CONTINW_E

PUNCN 103

IF (LOOP.EO.2) GO TO 39Q
TIME=O.O

DO 4_0 I=I,ISUM

TWALL(1)=50.O

400 TF(i)=SG.O

IPRINT=80

LOOP=2

GO TO 13

C CONVERT RESULTS TO RADIAL POSITION IN CM AND TEMPERATURE IN CENT.

?9Q DO 9R I=I.ISUM

TA(i)=(TA(1)-B2.h)/1.8

TV(1)=(TV(1)-32._)/1.M

T_(1)=(TF(1)-32.O)/1°8

_0 9_ K=I_IO
_AD(I _K):RAD(19K)*RS(1)*_.48

98 TP(ItK)=(TP(I,K)-32.O}/I.8

DO 125 I=I_ISUM

PRINT 118, I, (RAD(It K)_ K = I_ 10)

PRINT 119_ (TP(I. K}. K = 1_ 10}

125 PPINT 120, TA(1). TV(1). TE(1)

102 FORMAT (50H E. H, WISSLER MULTI-ELEMENT MAN CH041073
])





I0_ FORMAT (80H
] )

104 FORMAT (23H I= ] DENOTESTHECHEST,/
1 25H I= 2 DENOTESTHE ABDOMEN,/
2 22H I= 3 DENOTESTHE HEAD,/
3 51H I= 4 DENOTESTHE PROXIMALSEGMENTOF THE RIGHTLEG,/
4 A9H I= 5 DENOTESTHEMEDIALSEGMENTOF THE RIGHTLEG,/

&9H I= 6 DENOTESTHE DISTAL SEGMENTOF THE RIGHTLEG,/
6 50H I= 7 DENOTESTHE PROXIMALSEGMENTOF THE LFFT LEG,/
7 ASH I= 8 DENOTESTHEMEDIALSEGMENTOF THE LEFT LEG,/

48H I= 9 DENOTESTHE DISTAL SEGMENTOF THE LEFT LEG)
]05 FORMAT (51H I=I0 DENOTESTHF PROXIMALSEGMFNTOF THE RIGHTARM,/

I 49H I=11 DENOTESTHE MEDIALSFGMENTOF THE RIGHTARM,/
2 49H I=12 DENOTESTHE DISTAL SEGMENTOF THE RIGHTARM,/
3 50H I=13 DENOTESTHE PROXIMALSEGMENTOF THELEFT ARM,/
4 48H I=14 DENOTESTHE MEDIALSEGMENTOF THE LEFT ARM,/
5 48H I=15 DENOTESTHE DISTAL SEGMENTOF THE LEFT ARM)

106 FORMAT 112,4F12.6)

I07 FORMAT i015}

10R FORMAT II2/(II2,FI2.R,I12,F12.8,112,F12.8II

109 FORMAT 3F12.8/(6F12.8))

110 FORMAT 1015)

ll] rO_MAT I12,SFlP.8/(6F]2.8)) ,

112 _ORMAT 6F12°8)

113 FORMAT 2112,F12.8)

114 FORMAT 1HI)

115 FORMAT 6H TIME=F6°4,105H R/A=O.0 0.2 0.3 0.

14 0.5 0.6 O.7 0.8 0.9 I.0

2 /)

116 FORMAT (6H TIME=F6.1/)

117 FORMAT (6H I=I2,FI9.5,gF10.5)

118 PORMAT (6H I=I2,9H P/A= ,!0F10.5)

110 FORMAT (17X,I_FI_.5)

120 FO#MAT (8X, lOH TA(1)=,Fg.5, IIH TV(1)=,Fg.5, IIH TE(I

I)=,FO°5)

!21 FORMAT (6X,6F20.5)

122 FORMAT (15)

12B FORMAT (_E20.IO)

124 FORMAT (2F10.8,2110)

END

FUNCTION VPP(ZTE)

DIMENSION JH(15,5), JR(15), H(15,5), VOLM(15,21), VOLP(15,21), VOL

I(15,21), GRADM(15,21), GRADP(15,21), WIM(15,21), W2M(15,21), W3M(I

25,21), WIP(15,21), W2P(15,21), W3P(15,21}, JJ(15,10)

DIMENSION IFI_ST(6), NO(6), GZ(5,6), SZ(5,6), CRP(15)

_IMENSION TA(IS), TV(15), T(!5,21), TE(15}, TP(15,20)

DIMENSION JP(15,5), RCT(15,5), RCA(15,5), RCV(15,5), XK(15,5), HME

IT(15,5), QC(15,5), QCV(5), XL(15), HAT(15,5), HVT(15,5), WA(15,21)

2, WV(15,21), AERC(15), VERC(15), AQ(15), VQ(15), VQC(15), AEH2(15)

3, VEH3(15)9 AR(15,21}, PR(I_.21), CR(15,21), DHMFT(15,21), DA(15,2

4] }, _V(15,21}, A](15), A(15), AJBMI(15), AJBM2(15), SML_R(15,21),

5SMLBR(15,21), SMLCR(15,21), AEHT(15), VEHT(15), O(21), AEHTP(15),

6VEHTP(15), HTC(15), DPDT(15}, XLAT(15), XMK(15), FW(15), XMD(15)

DIMENSION WAE(15), WVE(15), DAA(15), DAV(15), DVA(15), DVV(15), DA

IC(15), DVC(15), DAAD(15), DVVP(15), WAT(15,21), WVT(15,21), P(6)





DIMENSIONQMET(15)o BF(15), RB(15)
DIMENSIONTS(15), TSET(15)t WARM(15), COLD(15), QSWEAT(I_I, EV(15)

DIMENSION RAD(15910), RS(15), JS(15)

DIMENSION RSW(15I,AS(15)

COMMON JHp JB, H, VOLMt VOLP, VOL, GRADMt GRADP9 WIM, W2M, W3M, Wl

]Pt W2Pt W3Pt JJ_ IFIRST, NO, GZ, SZ9 TAt TVt Tt TEt JPt RCT_ RCAt

2RCV, XK. HMET_ CRPt QC, QCV, HAT, HVT, WA, WVt AERC, VERC, AOt VQt

3 VQC, AEH2, VEH3, AR, BR_ CR. XLt DHMET, DAt DVt AI, A_ AJBMIt AJB

4M2, SMLAR, SMLBR_ SMLCR_ AEHT, VEHT, HTC_ I).PDT, XLAT, XMK, FWt XMD

5, WAEt WVE, DAA, DAV_ DVA. DVVt DAC, DVCt DAAP. DVVP, WAT_ WVT_ P

TTE=ZTE+460,O
VPP=O,178_EXP(9583oO*(O,OO19608-1,O/TTE})

RETURN
FNO

eND





C

C

DATA FOR PROGRAM MEM.

JUNE 25, 1

14.7

160

4 9

15

I

9

96.52132121

96.50998195

94.89664706

03.00787667

I 3

15

0.42554

969, TRANSIENT STATE

70.0 55.0

2,0 ,00125

7 3 I0 3

0.08576

0.002125

96.49187175

96.51772920

94.44772185

92.74897960

5 7

COOLING, WORK = 600,

0.0761 0-238

1.60 75.0

13 3

5 0.057

22

75.00000000

96.52251197 96.52254639

94.01323842 93.77626490

92.48978696

9 II 12 13 14

96.52129607

93.52519919

RADIATION

40.0

INCLUDEI_.

6 0.00425

15

1 29.261 16.648 8.324 0.242

95.18628905

93.26658171

2 51.79 0.0 0.0 0.242

% 51.79 0.0 0.0 0.242

11 40.t 0.0 n.O 0.121

22

1.689 0.95

29

1 0.08576

9 0.002125

96.521_Ia78 96.67636611

06.897748R0

05.]_0037R6

o2.o%A755_3

QI.24479519

1 5

2e

0.42654

1 41.8

1.207

5

15

75.00000000

96.89875572 9A._9863151

04.740028PA 94.R3ROIPQ?

92.459610OA Ol.ngl?Ra_2

QI.O6]O804a

9 12 14 15 16

2.773

0.057

0.00045

06.R8946221

o&.120490_R

01.796a8617

17 18 70

2.773

6 0.00425

96.78647338 95.42476605

91.88929187 93,41319075

01.61274984 91.42856918

0.2a2

2 51.79 0.0 0.0 0.242

5 51.79 0.0 0.0 0.242

II 47.10 0.0 0.0

15 1.6 0.0 0.0

0.121

0.0665

1,6R9

15

I

22

96.25440405

96.41R89197

95.20525114

0,95 1 .207

0.03520 6
22

95.26184610 75.00000000

96.alB408?A 96.37R512_ q

94.48465090 93.350298_

0.01635 9 0.004075

06.30037026 96.11383651

92.96335897 92.53002824

95.66849281

91.61859551





90,72229242
I 3

15
0.2495

1

89,84058826 88,97300085
5 7 9 II 12 13 14 15

10.958 22,964 22,964 0,242

2 47,486 2,386 2.386 0,242

3 51,79 0,0 0.0 0,242

11 47.06 0,0 0,0 0,121

22

1.829

15

I

22

96.521307R3

97.42802847

97.33367996

96.97962909

1

15

0.P977

1

0.95 1.0

0.04074 6

22

96.7158972q 75.00000000

97.427870R4 97,42707763

97,26248203 97.14071454

95,RO]291RO 94.R6245905

5 7 9 ii ]2

0.0156

97.42418004

97.04694991

13 14 I_

97.41389152

96.92437011

36.253 8.612 8.612 0.242

0.0078

97.37627567

96.72811610

2 51.79 0.0 _.0 0.242

II 43.0 0.0 0.0 0.121

22

22

1.917

15

]

22

06.5212921_

97.41947_mG

97.31918326

96.34988444

1 %

15

0.1983

l

O.O_ 0.587

0.P2094 6

72

OA,604874R6 75,000000_N

97.4191589] 97.41641_IP

97.24555125 97.12050145

95.76767257 94,82790770

5 7 9 II 12

0.0156

97.40900252

97.02505281

13 14 ]5

97.39362812

96.90103894

12._7R 21,R445 21.844& 0.242

0.0078

97.36273531

96.70232528

2 51.79 0.0 0.0 0.242

]] 47.0 O.O n.O 0.121

22

22





1.917
15

I
22

96.52127636

97.35008446

97.23286090

96.29575305

1 3

15

0.1284

I

0.95 1,174

0,0102 q

22

96,43677_&4 75,00000000

97.B4951371 97,3443684_

97,16729466 97.07482747

95,70825352 94.76749265

5 7 9 II 12

0,0078 22

97,33183031 97,31073690

96.97884743 96.85464646

13 I_ 15

10.358 22.964 22.964 0.242

2 47.336 2._69 2.469 0.242

3 51.79 0,0 0,0 0.242

II 43.0 0,0 0,0 0,121

22

1.917

15

i

22

_6,52130787

97.a2R028a7

97._679o6

96.37962999

0.2973

1

II

?2

22

0.95 1.174

0.04074 6

22

96,7158972_ 75.00000000

97,A27870R4 97.4270776R

97.267_820_ 97,140714 =l,

95.SOl?ql_ e 9&.8624590_

5 7 9 II 12

0.0156 9

07.424]_004 97.41989152

Q7,0469_991 Q6.9243701]

l? 14 I_

36.253 8.612 8.612 0.242

51.79 0.0 0.0 0.242

43.0 0.0 n.O 0.121

0.9_ 0.587

0.02094 6
22

96.60487486 75.00000000

97.41915891 97._1641512

97.24555]?_ 97.1205014=

95,76767247 94.82790779

5 7 9 II 12

1.9]7

15

I

22

96.521292]8

Q7.41947805

07,31918B26

06,34988444

15

0.1983

I

0.0156

97.40900252

97°0250528]

13 14

97.39362812

96.90103894

12.37R 21,R44_ p].8445 0,242

97,27893131

96.65952576

0.0078

97.37627567

06.72811610

0.0078

97.36273531

96.70232528





2 51.79 0.0 0.0 0.2_2

Ii 43.0 0.0 0.0 0.121

22

22

1.917

15

I

22

96.52127636

97.35008446

97.23286090

96,29575305

I 3

15

0.12R4
I

0.95 I .174

0,0102

96.43677464

97,3495197]

97.16729466

95.70825552

5

9

22

75.00000000

97,9443684_

97,074827n7

94.76749265

7 9 ii 12

0,0078 22

o7.33183031 97,31073690

96.97884743 96.85464646

13 ]4 15

10.358 22.964 22.964 0.242

97.27893131

96.65352576

2 47.936 2.460 P.469 0.242

3 51.79 0.0 0.0 0.242

11 43.0 0.0 0.0 0,121

22

1.017 0.95

15

1

22

96.52131152

97.371]8q70

97.0168456a

96.01788891

i 3

15

0.167

] 19.R

1,174

0.02584 6

22

96.%0064760 75.00000000

97.369761_0 97.q608474 _

96.91590997 96.78957906

95.4443990A 9&,59083qA&

5 7 9 11 12

17.7

0.00630

07.q3433755

9&.71406601

17.7

9

97.26719062

96.62921108

0.242

0.00315

97.09807930

96.39467305

2 51.79 0.0 0.0 0.242

II 43.0 0.0 0.0 0,121

22

22

2.072

15

I

22

0.95

0.02184

0.489

6

22

0.00630 9 0.00315





96.52129_%2
97,35963863
97.00471244
96,008007Q5

I 3
I5
0.I47

1

96._62a32 o] 75.00000000

97,35755160 97,34565017

96,90431057 96,778560_5

95,43422913 94,58073987

5 7 9 II 12

21,82 16,56

51,79 0,0

97.31368239 07,24218326

96,70340455 96,61897659

13 14 ]5

16.56 0,242

0,0 0,242

97.08599191

96,38491177

II 43.0 0.0 0.0 0,121

22

22

2.072 0.95

15

I 0.01264

22

96.52127687

07.31687437

06,96094702

95.973_520a

1

It

0.IeI12

1 21.82

96,34486404

97.300869_A

96.862484_2

95,q979370 c

5 7

0.978

6

22

75,00000000

97.26605_I]

96.7391592P

94._42645P _

O ii 12

0.00632 9

07.22025343 97.14996225

06.66553955 96,5829_659

13 14 1_

16.56 16.56 0.242

0.00316

97.03976202

96.35096616

2 51.79 0.0 0.0 0,242

11 43.0 0.0 0,0 0.121

22

2P

15

1

22

96.52131152

o7.37118R70

97.01684564

96.0178_61

1 3

15

0.167

1

11

Ooq_ 0.078

0.02584 6

22

96.¢0064769 75.00000N00

97.36976180 07,%608474_

96.91690907 96.78957906

95.444399_4 94._908_44

5 7 9 ll 12

19.8 17.7

51.79 0.0

43.0 0.0

0.00630 9

07.q3433755

P6.714066_I

13 14 1_

97.26719062

96.62921108

17.7 0.242

N.O 0.242

0.0 0.121

0.00315

97.09807930

96.39467905





2 9.

22

2.072

15

1

22

96.52129352

97.35963863

97.00471244

96,00800785

1 3

15

0.147

1

0,95 0,489

0.02184

96,46249291

97.35755160

96.90491057

95.43422913

5

6

22

75.00000000

97,34565017

96.77856035

94.58073987

7 9 II 12

0.00630 9

97,31968239 97,24218326

96,70940455 96.61897659

13 14 15

21.R2 16._6 ]6,56 0.242

0,00315

97.08539131

96.38491177

2 51.79 0.0 0.0 0.242

II 43.0 0.0 0.0 0.121

22

22

2.072 0,95

15

1 0.01264

22

96.521276a7

97._16874_7

96.96094792
95.97355294

1 3

15

0.10112

1 21.82

96.34486404

97,!00_69m_

96.£6248482

95.39793703

5 7

0.978

6

22

75.00000000

97.26605m11

96.73915928

94._4264523

9 1] 12

0.00632 9

q7.2202534q 97.14996225

96.66553955 96.58293659

13 14 15

16.56 16.56 0.242

0.00316

97.03976202

96.35096616

2 51.79 0.0 _.0 0.242

11 43.0 0.0 n.O 0.121

2?

22

2.072 0.95

8.49787 g.497R7

0.01171 n.O

0.31828 0.0

0.5 0.0

_.5 m,r

_.0 n.O

N.O_7_ m.O

m.63626 _.0

0.978

0.0

3

3

4

5

14

3

0.0

14

14

14

14

14

14

14

0.0





0°5
0,5
0.0
0,00477
0.06435
0.93088
1.0
0,0
0,00369
0.P1777
e.22m96
0.0
0.0
0.00074
0,195_5

0.19659

0.0

O.O

0,00_19

0.0m241

0,0798_

0.0R246

0.0

0,00369

0.21727

0.22096

0.0

0.0

0.00074

0.195_5

0019669

0.0

O.OOm19

0,079R5

0.08246

0.0

0,00161

0.15072

0,1523_

0.0

0.0

N.00272

0,2_26

n.O

0.0

0,00099

0.11070

n.11169

0.0

0.0

P.O0161

0.16_72

_.0
0.0

0.0

O.O

o.0

0.0

0.0

0.0

O.O

m.O

m,O

0.0

o.0

0.0

0.0

O.O

0.0

0.0

m.O0116

_.01462

_.48422

0.6

0.0

_.0

n.O

0.0

0.0

m.O

n.O

O.O

0.0

m.O

0.00116

_.01462

n.48422

0.6
0.0

0.0

0.0

e.O

m.O

m,O

_.0

r_.O
_.0

_.0

q.OO444

_.49_56

0.5

0.0

0.0

0.0

4

5

14

1

1

1

2

10

10

11

14

14

lO

10

1l

14

10

10

10

11

10

10

11

14

10

lO

ll

14

10

10

ll

14

6

6

7

14

ll,

6

6

7

la

6

6
7

14

6

6

14

14

14

14

14

14

14

14

14

14

14

14

14

14

14

14

14

12

12

12

13

14

14

14

14

14

It+

14

la

14

la

14

12

12

12

13

14

14

14

14

14

14

14

14

14

14

]a

8

8

9

14

14

14

la





no15233
noO

0,00272

0,23326
_o2359R
N.O
0.0
0,00099
0.11070
_.II169

n.O
0.0

_.0
_,0

n.O
0.0

_.0
0.0

0.0
_.0
0.0

0.4

_.5
h.O

0.0

7

14

14

6

6
7

6

6
7

14

14

14

14
14

14

14

]4
14
8

8

9

14





Appendix C

Listing for Program _N

and Required Data





?

C"

r

t-

DoQ_.RAM MAN (INPIqTgC)IITn!IT)

hlMFN c,I ON T { 14 ).T"FT [ 14) . T_ (I 4) ,,QCC)NV ( I "_ ) .Q:QNr,( I "_) .f_F( I_] .

OMFT ( _,_ ) _TFCT ( 1,41 qWAPM (] 4 ) _C_)Lth ( ] /4) ql fc( "t_ ) _ ( _z+ ) •

l C( 14} ,QLAT (It_} _Q£FN(IA),qRAm(If*)-01 rr,(l L,) 9

] 14P(Iz4) ,TWALI (Iz_},_FMIS(]4)

r_ F A r'. aC,], WQPK _hTIM_.'L u

Dm. INT "_O&, t_")RK

Rr'hn _02, I_mlNT

rr)RHAT (I_,)

rv_A_ qnt, PCAF:, TCAP, TDFV,, Plm)r,, :pGAs, VCAD

_PI_IT _CA, nCAP,TCAR,TF_FW,F4_Or,,CPF, AS_,VCAP

or#m "_I, T(I),TCFT(I),Tr(T ,HC(T),A(1), C I},TWALL(1),F':I%{I)

_QP':A T (RFI3.q)

_-Ar, _n l , TO',,'

pr_TNT mOA, TrN

Tv'ALI [[ )=TEN

Tt-( i )=TEN

T I':r=r.. C

m'._T= WK_RK+284. n

Gq Tm 21P

r_,mqmA T I QN

CAL"'ILATF CWrAT AN m _i_] ',I_p

q:b _-? I=],l

TFC, T ( I )--T(I I-TC. FT( I )

:qL_( I }:0.

I_- (TFST(1) 53,54,55

CqLm( I ) =-TEST ( [ )

r,r_ Tr_ q2

,,,:,,-.,_(! )=TrCT( i )

FONT I _q ,r

V: A _vc ::. C' _ A-_,:, A 0'4 ( p ) +. 2-_,'.*_.,rARr' r. ) +. ] 7"_*':/Aa" ( _

, wAD'.4( 1 ] 14 . :_:-_._,-',!Ao" f 1 o)

r:;L-,-,=.p,_r,-:;rOLr>(9)+.2"_K'_-rC_LF_ ._ ) +. ! 77_-:'QLh( 7

"[ :'qL" ( l ] )+.O_q_.:'OLr>(1"_)

.:Ae"'=.417"_v,"_"4( 4 ) +. 19":;,",_'( : ) +. qq'_V::r_V. ( _-'_

:-OL'-"'=.41"7,*,COL_(,_)+.lg_C'_LF)(K- )+.'_O'_*CnLP(I C_

c.';:F:.T=',,'AR!:( 1 ) _(_d^_''C+L''AFp'z''_I*73"&_]L_

r_It _,.T =S',,:'F /'.T /Z..

©q_ ._ '/= C :)L m ( 1 ) ;" ( Cr_L"q 4 C:)L _'' ) 4,'-7 "_. 4 q ] L,

:-_-':' I := ( COL. "_%+CqLq _: 1 * • _ 19#. 1

+._L'_:,,':,;:_'(",)4-.'_='_.,

orcDIPATIO*'

To_-C=_.5_(_(I }+T(R) )

_;L AT( l ) --* .= _ I _&P .I_ _q .C_Z_ I q *R_4"Qr'*pL'c T _ ( VDP ( TRr:- c" )-r " o'_ VnP ( T_''- " _ )

_,-:..:-,r,,] =, _'-0 ,'_Z, ] P,_r?'HC3G _''rT_-CnF'A('_( TPFS-TCA_ I





C

C

56
c

C
C

c

_2
C

OLAT(3)=QLAT(1)

OLATENT FOR EACH
QLAT
QLAT
QLAT

QLAT

OLAT

OLAT

OF

2)=O.I*SWFAT

5I=0.6_WEAT

7)=O.I*SWEAT

9)=O.02*SWEAT

11)=O.16*SW_AT

13)=O.02*SWEAT

THE SKIN NODES

CEVAP=O.126*SORT(VCAB/PCAB)*(TCAR+460.O)_*I.04

Z=VPP(T(2))-VPP(TDEW)

QLAT(2)=QLAT(2)+6.66*A(2)*Z

FMX=CEVAP*A(2)*Z

IF(OLAT(2)oGToEMX) QLAT(2)=_MX

_0 56 I=5,]3,2

7=VPP(T(1))-VPP(TDFW)

QLAT(1)=OLAT(I}+6.66*A(1)*Z

_M×=CFVAP*A(1)*Z

IF(OLAT(1).GT.EMXI QLAT(1)=_MX

CONTINIIE

OMET

APE A

QMET

QMFT

QMET

QMFT

QMFT
QMET

OVFT

QMFT

QMFT

QMET

QMFT

OMET

Q_FT

IS BASAL METABOLIC FOR ALL NODES

FFECTED BY WORK

1 =49,2825

2 =0._968

=170o3536

4 =I7,0624+,417*(WOqK+OSHIV)

5 =2,0236

6 =6.]9+.IgO*(WORK+O£HIV}

7 =l°2q

:2._014
9 =.317a

IO)=IR.5702+.393*(WORK+OSHIV)

11)=2.8172

]2)=4.5235

13)=.4761

EXCEPT MUSCLE

BLOOmFLOW

raft 1

PF 2
_qq

PF 4
nF

PF 7

PF 8

PF 9

RF 6

RF ]

_F 12
BF 13

PF(IO
CHFCK

mO _2
IF (PF(1).LT.

(IN POUNDS/Hm)
=105.£97

=2.647+.O56*blLAT
=_03.01m
=22.n62+QMET(4)-STRIC

=2.2e62+.3*%ILAT-qTRIC

=I.ID3+.2*DILAT-STRIC

=].I03-_T_IC

=8.824+.I*DILAT-STRIC

=6.618+OMET(6)+BF(9}-STRIC

}=2.206+.294*DILAT-STRIC

)=2.206-STRIC

)=6.6]8+.05*DILAT-STRIC

)=17.649+OM_T(IO)+BF(I_)-STRIC
FOR NEGATIVc mLqOn PLOW

I=I,I_
0.) PF(1)=e.

NODES WHICH





C

4O
C

C

?on

100

c
t"

t'-

(7

C

C
C

11

c

12
c
C

c

QCONV(II-CONVECTION FROM BLOOD
DO 40 I=I,13

QCONV(1)=BF(II_(T(14)-T(1))

OCONn(I}:5.798*(T(1)-T(2})

OCON_i3):IO.691*(T(3)-T(4))

OCOND(4)=29.759_(T(4}-T(5))

OCONq(6)=9.699*(T(6)-T(7))

OCON_(8)=B.349_(T(8)-T(9))

OCOND(IO)=9.435*(T(IO)-T(11})

OCOND(12)=_°762*iT(12)-T(13))

TO EACH NODE

nO 200 I=I,13

QSEN(1)=HC(1)*A(1)*(T(1)-TE(1))

DO 100 I=1,13

TSZ=T(1)+_60,O

TW7=TWALL(1)+460.O

HP(1)=O.1713E-8*FMIS(1)*(TSZ**3+TSZ*TSZ*TWZ+TSZ*TWZ*TWZ+TWZ**B)

OPAn(1)=HR(1)*A(1)w(T(1)-TWALL(1)}

OLCG(1)=O.O

O_FN =CONVFCTION TO GA_

QOAm =RAnIATION

CALCULATE TEMP O_ HFAD CORF,T(I), AND TRUNK CORF,T(3)

T(1)=T(1)+DTIME/C(I)*(QMFT(1)-QLAT(1)+QCONV(1)-QCONn(1)-QRSENI)

T(3)=T(3)+DTIME/C(3)*(QMFT(m)-QLAT(3)+QCONV(3I-QCOND(3)-QRSEN3)

CALCULATE TE_P OF SKIN --HEAn(2)_ TRUNK(5)_ ARM (7), HAND(9),

L_G(11}, FOOT(13}

T(2)=T(2)+DTIME/C(2)*(QCOND(])+ QNET(2)-QLAT(2}+QCONV(2)-GSEN(2)

1 -O_A_(21-OLCG(211

_O 11 I=5,1_,2
T(1)=T(1)+_TIME/ C(I)*(QCOND(I-I)+ QMFT(1)-QLAT(1)+QCONV(I)-QSEN(I

I)-_Am(1)-QLCn(1))

CALC[JLATE TEMP O_ MUSCLE --TRUNK(4), ARM(6), HAND(£), LEG(IO),
T(4)=T(4)+DTIME/C(4)*(QCOND(?)+QMET(4)+QCONV(4)-QCOND(4))

_0 12 I=6,12,2
T(I)=T(I)+DTIME/ C(I)*(QMET(I)+QCONV(|)-QCOND(I))
CONTINUE

CALCULATE TEMP OF CFNTPAL BLOOD(14)

FOCOK'V=O,

qO 1_ I:1,11
£QCO_!V=SQrONV-QCONV(1)

T(Ia)=T(14)+DTIMF/C(14)*SQCONV

FOOT(12)

TIUF=TIMF+mTI_F

IF (IP.FO. IPeINT_ 210,211
211 IP=Im+l

GO r_ 212

21n IP=1

_05 FOqM^T (IX,*WORK _QUAL£*,IX,FI_,I)
_m6 _OOMAT (IX,*TEN FQIIALS*,IX,FIO,2)





_h_ FORMAT(IXt*PCAB,TCAP,T_EW,RHOG,CPGASgVCA_

mRINT 21_, TIMEt(T(1)tI=I,]._)
_]_ COR_AT(1X,*TIMF CQIJALS*,IX,FIS.S/IXt*T(1)

I/IXg*T(_) THROUGH T(]4)*_lX_TF]5.5)
IF(TIMFoLT.TLH) GO TO 212

TIMF=O.O

WORK=3151.0
PPlNT 305, WOrK

PFAD 301, TEN

P_INT 106, TFN

DO _0 I=1,13

T',,ALL(1)=TFN

_hn Tc(1)=TEN

GO T_ 212

cNm

FTINCTInN VPP{T)

7=T+A60.O

VPm=n.ITS*EXP(95RI.0*(O._OI9608-I.O/Z) )

RFTtlRN
FNn

FOUALS*,IX,6FIO.4)

THROIJGH T(7)*,IX,7FIS,5





DATA FOR PPOG_AM MAN0

400.0 0.000_125 2._

]_.7 70.0 5500 m.076] 0023R 40.Q

q8051 98046 7_._ O.N Oo_ 8055_

95.0? Q6012 7BoN 1._2o 105676 0.5_11

98.81 qR.64 7_00 0._ 000 &5.3004

ORe40 Q7074 7_._ 0.0 000 2].OqB7

q_.m7 o&068 7m.O 10689 6.4544 2.8216

98.17 96,84 75.0 O.O 0.0 8,55_0

91046 9_.24 7_,0 2.07P _.5 ].7194

96.65 97,56 7_00 000 e.0 3o2184

96.9S 96084 75,0 2.072 0.5755 9.4408

98._7 97.2@ 7500 Ooe _00 25.4608

88.94 910A4 7_00 ].917 q.8 =.9017

QAeB4 97.q6 750_ 0.0 O. _ 6.2825

Q4e_q o6.qn v_.e ].o17 102178 00661q

WRo£_ 08010 v_oO noO _00 )073q4

82.4

86.0

75._

7_.0

7500

7500

75.0

75.0

75.0

75.0

75.0

75.0

75.0

75.P

75.q

75.0

0.95

0095

O,Q5

n.95

0.95

C.95

0.95

0.95

0095

0.95

0.95

0.9_

0.95

0.95
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